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We have continued our program of infrared (IR) photometric, imaging, spectroscopic, and
polarimetric temporal observations of comets to study the properties of comet dust and comet
nuclei. During the first two years we digitized our IR data base on P/Halley and other recent
comets to facilitate further analysis and comparison with other data bases, and found compelling
evidence for the emission of a burst of small grains from P/Halley’s nucleus at perihelion. We
reported imaging and photometric observations of Comets Austin 1990 V and Swift-Tuttle 1992.
The Swift-Tuttle 1992t observations included IR photometry, several 7-14 pm long-slit spectra
of the coma and a time-sequence of more than 150 10 pm broadband images of the coma. An
analysis of near-IR images of the inner coma of P/Halley obtained on three consecutive nights in
1986 March showed sunward jets. We completed our analysis of IR imaging spectrosco-
photometric data on comets. We also obtained observations of Comets Hyakutake 1996 B2 and
Hale/Bopp 1995 01.

We obtained infrared imaging, photometric, spectroscopic and polarimetric temporal
observations of bright comets using a network of five telescopes, with emphasis on simultaneous
observations of comets at many wavelengths with different instruments. Our program offers
several unique advantages: 1) rapid observational response to new comets with dedicated
infrared telescopes; 2) observations within a few degrees of the sun when comets are near
perihelion and 3) access to advanced infrared array imagers and spectrometers. In particular,
reduction, analysis, publication and archiving of our Jupiter/s1-9 and Comet Hyakutake infrared
data received special emphasis.

Instrumentation development included installation of the latest version of the innovative FORTH
telescope control and a data acquisition system that enables us to control three telescopes






remotely by telephone from anywhere in the world for comet observations in broad daylight. We
have acquired more than 3000 256x256 images totaling nearly two gigabytes of data detailing the
near-IR development of the impact sites of the S-L9 fragments on Jupiter. These data were
obtained using the University of Rochester Imaging IR Camera at the cassegrain focus of the 92"
at WIRO. The WIRO data set covers 8 days and is, to our knowledge, one of the most extensive
observational records of the S-L/Jupiter encounter obtained by any ground-based telescope. This
program benefitted from the compilation during these last few months of an upgrade to the data
acquisition program at WIRO with support of this NASA contract.
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ABSTRACT

We present 1.20-18.5 pum infrared (IR) spectrophotometric measurements of comet C/1995 O! (Hale-Bopp)
during 1997 February 15 and 20 UT. The spectral energy distribution (SED) was dominated by scattering and
thermal emission from submicron sized dust grains that were unusually small. Hale-Bopp’s surprising brightness
may have been largely a result of the properties of its coma grains rather than the size of its nucleus. The thermal
emission continuum from the grains had a superheat of § = T, /T, = 1.84, the peak of the 10 um silicate
emission feature was 1.81 mag above the carbon grain continuum, and the albedo (reflectivity) of the grains was
~0.41 at a scattering angle of § = 144°, These are the highest values for these empirical parameters ever observed
in 20 years of optical/IR measurements of bright comets. The observations indicate that the optically important
grains dominating the visual scattering and near-IR emission from the coma had an average radius of ¢ £0.4
pm. The strong silicate feature is produced by grains with a similar size range. These dust radii are comparable
to the radii of the grains that condense in the outflows of some novae (“stardust”) but still about 10 times larger

than the average radius of the grains that produce the general interstellar extinction.
Subject headings: comets: individual (Hale-Bopp C/1995 Ol)— interplanetary medium

1. INTRODUCTION

Dust grains may be a vehicle for the transportation of sig-
nificant quantities of condensable elements from the circum-
stellar winds of evolved stars, novae, and supernovae into the
parent clouds of young stellar and planetary systems. Whether
grains that condense in stellar outflows (“stardust”) survive
supernova shocks in the ISM (Seab 1987) and high-temperature
processing in the solar nebula (Boss 1988) to become the “seed”
constituents of planetesimals remains uncertain. If some frac-
tion of these grains survive intact, then analyses of the ele-
mental abundances, mineralogy, and physical characteristics of
early solar system grains may be expected to provide direct
insight into stellar nucleosynthesis and evolution. Comets, such
as Hale-Bopp C/1995 Ol, are particularly important to_such
studies because they are believed to be frozen reservoirs of the
most primitive presolar dust grains and ices. Hanner (1983)
and Hanner et al. (1985) successfully modeled the infrared (IR)
spectral energy distributions (SEDs) of several comets with a
size distribution of grains with radii in the range 0.3-0.5 um.
Gehrz & Ney (1992), in an analysis of IR photometric meas-
urements of nine recent bright comets, showed that the SED
of the coma can be used to deduce the mineral composition
and size distribution of the grains that dominate the coma emis-
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sion. They found that the radii of the grains in their sample of
comets ranged from 0.5 to 10 um. Woodward et al. (1996),
Gehrz et al. (1995), Hanner et al. (1987), and Tokunaga et al.
(1986) found evidence that strong jet activity in comet [P/
Halley 1986 TII was correlated with IR emission from grains
with radii as small as 0.5 um, and that the grains were larger
when the nucleus was quiescent.

Here we report IR spectrophotometric observations of comet
C/1995 Ol (Hale-Bopp) obtained in 1997 February, =40 days
prior to its perihelion passage, showing that the IR emission
from its coma was at that time dominated by a population of
submicron sized grains. We argue below that these grains were
significantly smaller in radius than those observed in any other
comet to date.

2. OBSERVATIONS

Five IR photometric measurements of the 1.2—-18.5 um SED
of comet Hale-Bopp were obtained on 1997 February 20 UT
using a multifilter bolometer (Hanner et al. 1990) mounted at
the Cassegrain focus of the University of Minnesota/University
of California at San Diego Mount Lemmon Observing Facility
(MLOF) 1.52 m telescope. Our filter set included the six IRTF
narrowband 7-13 pm “silicate™™ filters (Tokunaga et al. 1986).
The beam was 973 in diameter, and the throw between the
source and reference beams was ~150". The photometric sys-
tems, magnitude scales, and absolute flux calibrations for the
MLOF bolometer are given by Gehrz & Ney (1992) and Gehrz
(19972, 1997b). Statistical errors were generally much less than

. .




L92 WILLIAMS ET AL. Vol. 489

TABLE 1
INFRARED MAGNITUDES OF COMET
Have-Borr C/1995 Ol ON 1997
FEBRUARY 20 UT

Filer Average Mugnitude
12 am +4.19 = 0.07
1.6 pm ... +3.87 = 0.08
22um ... +3.71 = 0.10
360 pm ... +147 2 0.09
490 pm ...... -0.28 + 0.10
78 um ....... -274 + 0.13
87 um ....... —387 = 0.05
9.8 um ....... —-4.80 = 0.06
103 gm on.n —4.86 = 0.06
1.6 pm ...... —4.91 = 0.07
125 um ...... —4.50 = 0.08
18.5 um ...... =5.67 = 0.06

5% (lao,). The comet was variable by a factor of =1.5-2 during
our observations, but the IR colors remained approximately
constant. Average magnitudes, orbital parameters, and physical
characteristics of the SED are summarized in Tables | and 2
and plotted in Figure 1. The data have not been corrected for
coma emission into the reference beam since the effect is only
about 1.6% (see Gehrz & Ney 1992).

Confirmation of the presence of a strong 10 um silicate
emission feature in Hale-Bopp during mid-February of 1997
is provided by a preliminary analysis of spectrophotometric
measurements of comet Hale-Bopp that we obtained on 1997
February 15.5 UT with the NASA Ames Research Center High-
efficiency Faint Object Grating Spectrometer (HIFOGS; Wit-
teborn et al. 1991) at the Cassegrain focus of the 3 m NASA
Infrared Telescope Fucility (IRTF). The spectrometer entrance
aperture was 3" in diameter. The calibrator was o Ly, for which
we have adopted fluxes based on the Kurucz stellar atmosphere
modei (Walker & Cohen 1992). The HIFOGS data for 1997
February 15.5 UT presented in Figure | have been degraded
by binning to a resolution of MAX =~ 75 and scaled for heli-
ocentric distance (» = 1.21 AU), geocentric distance (A = 1.73
AU), and beam diameter using the standard model (Gehrz &
Ney 1992) to compare the spectrum with the 1997 February
20 UT photometry. The final analysis of the HIFOGS data will
be presented by Wooden et al. (1997).

3. DISCUSSION

The SED derived from our spectrophotometry is presented
in Figure 1. Optically thin silicate emission features at 10 and
20 pum are superposed upon a thermal continuum determined
by a fitting a blackbody distribution through the 3.6-7.8 pm
photometry. Since low-resolution circular-variable filter (CVF)
3-5 um spectra obtained on 1997 February 21 UT by Mason
et al. (1997) show no strong emission features that might be
attributed to hydrocarbon or molecular emission, we conclude
that it is justifiable to assume that the near-IR continuum (from
3.6-7.8 um) originates entirely from thermal emission from
carbon grains at this epoch (see Gehrz & Ney 1992).

Gehrz & Ney (1992) described three empirical physical par-
ameters derivable from the SED of the coma that are related
to the size distribution of comet grains. These are the superheat
(5), the strength of the silicate emission feature (Am,,) relative
to the extrapolated near-IR blackbody continuum, and the scat-
tering angle dependent albedo [A(8)]. Gehrz et al. (1995) and
Gehrz & Ney (1992) argued that all of these parameters tend
to increase with decreasing grain radius, a. Below, we show

TABLE 2

DERIVED Prysical PARAMETERS ror COMET
Hatr-Borep C/1995 Ol

Parameters Derived Value
FAAUY 115
AAU) e 1.64
G (deg) oo . 44
T (K)o =475
T (K) oo 260)
S s =1.84
Amy, (MAZ) v ~].81

INFUO e (W em™?) =15 x 10"
[RFA(G)II\M\JK (W cm’ 3) ------- =32 x lo"
AB) e ~0.41

that the values of these parameters observed for Hale-Bopp on
1997 February 20 UT (Table 2) suggest that its coma was
dominated by unusually small grains.

3.1. Superheat as a Grain Size Indicator

The superheat, S, is defined as the ratio of the color tem-
perature of the near-IR carbon grain continuum (7,,,) to the
temperature (7T,,) that black conducting spheres would have at
the same heliocentric distance 1{AU)

r
T. Tt T

S — L robor — ! . (l)
Tw 278K

We emphasize that S is an empirically determined, model-in-
dependent quantity that can be used to compare the near-IR
SEDs of comets and to track their temporal development as a
function of heliocentric distance. § increases with decreasing
grain radius for grain temperatures typical of thermal emission
from comets because the emissivily of small grains is a strongly
decreasing function of increasing wavelength in the thermal
IR. For grains with radii =0.5 um Gehrz & Ney (1992) showed
that T, < T, and therefore that § = (Q,/Q,)", where @, and

calor

Q.(T,,) are the grain Planck-mean absorption and emission
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FiG. 1.—SED for comet Hale-Bopp C/1995 O1. The five photometric ob-
servations taken on 1997 February 20 UT are indicated in the legend and the
statistical averages are presented in Tuble 1. The continuum fit is the sum of
a 5800 K blackbody component due to scatiered sofar radiation and a 475 K
hlackbody due to thermal emission from small carbon grains. The 7-13 um
HIFOGS spectrum (heavy solid liney taken on 1997 February 15.5 UT is shown
scaled as discussed in the text. The photometric uncertaintics in individual
measurements and in the HIFOGS spectrum are smaller than the plotted
symbols.
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Fic. 2.—Albedo A(f) as a function of scattering angle § for comets pre-
viously observed (open circles) by Gehrz & Ney (1992) compared to comet
Hale-Bopp /1995 01 at u scattering angle of 8 = 144° (black box). The coma
grains of Hale-Bopp are substantially brighter than those of the typical comet
at this scattering angle.

coefficients respectively of the optically important grains (Gil-
man 1974) and T, is the physical grain temperature.

The 3.6-4.9 um continuum of Hale-Bopp SED (Fig. 1) has
a T, = 475 K, and therefore a superheat S =~ 1.84. Our 1997
February 21 UT 3-5 um CVF spectra give the same color
temperature (Mason et al. 1997). This is the largest value of
S yet observed for a comet. If we were to assume that the grain
emissivity is not wavelength dependent, then using § =
[0,/0.1'" we would derive a grain radius for the optically
important grains of 0.3 pum. If we take into account the wave-
length dependent emissivity using Mie theory and the optical
constants for glassy carbon, we would derive a radius for the
optically important grains of ¢ = 0.4 um, although we have not
explicitly integrated over a grain size radius distribution func-
tion. Employing a broad size distribution of the form used by
Hanner et al. (1985), one finds a peak radius of a = 0.15 um,
significantly smaller than the 0.3-0.5 pm peak radius deter-
mined for other comets.

3.2. The Strength of the Silicate Emission Feature as a
Grain Size Indicator

Many comets show a 10 um emission feature attributed to
radiation from Si-O bond stretching vibrations in a silicate grain
component (Gehrz & Ney 1992; Hanner, Lynch, & Russell
1994, Hanner et al. 1987, 1985). Hale-Bopp exhibited an ex-
ceptionally strong 10 um emission feature (Fig. 1).

Gehrz & Ney (1992) have described how the strength of the
silicate feature in magnitudes, Am,,, from filter photometry can
be measured with respect to the extrapolated near-IR blackbody
carbon continuum using the relationship

F,
Am,, = 2.5log,, [((;\T*))—"-] , (2)
AJcam

where (NF,),, and (AF,).... are the intensities of the emission
feature and the extrapolated carbon continuum respectively de-
termined at =[0 pm. Laboratory measurement of powdered
silicates (Rose 1979) show that the silicate excess, Am,,, in-
creases with decreasing grain size. Thus, measurement of &m,,
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in comels can, in principle. provide an estimate of the average
silicate grain radius.

We find a value of Am,, = 1.8]1 mag for Hale-Bopp (see
Figs. 1 and 3), the largest value ever observed for a comet. In
the case of Hale-Bopp, the extrapolated 3-5 um continuum
falls below the continuum at 7.9 and 12.5 pm so that Am, as
defined above overestimates the actual strength of the silicate
feature.

3.3. Albedo as a Grain Size Indicaror

A third grain size indicator is the scattering angle (8) de-
pendent albedo, A(6). A(f) can be defined as

__f®)
where
NEO] i e
f‘(e) — [ X( )]I!Ll\\\l..\ll (4)

[)\FA(G)]m;x\.IR |

and ‘the quantities [AF(ON ux s @Nd [AF()],.1x are the ap-
parent intensities measured at the Planckian maxima of the
scattered and thermal SEDs respectively as shown in Figure 1.
Figure 2 shows the albedo measurements for a collection of
previously observed comets, and it is apparent that the albedo
of the grains in the coma of comet Hale-Bopp for 8§ = 144°,
A(8) =~ 0.41, is exceptionally large compared to that of other
comets observed at the same scattering angle see Hanner et al.
1985; Tokunaga et al. 1986). One interpretation is that high
reflectivity of Hale-Bopp’s grains is due to their small size,
since small grains scatter sunlight much more efficiently than
large grains (see Gehrz & Ney 1992). It is possible that at least
part of the effect is due to the mineral composition of the grains
as shown by Hanner et al. (1985).

3.4. Comparison to Other Comers

The two most sensitive measured parameters of grain size
are S and Am,,,. Both indicators increase as grain size decreases.
Gehrz & Ney (1992) have found a strong correlation between
Am,, and § in a sample of nine comets (see Fig. 3). The cor-
relation suggests that changes in the size distributions of the
carbon and silicate components are related, but it does not
necessarily imply that superheat and silicate emission originate
from the same grain structures. Figure 3 reproduces the data
from Gehrz & Ney (1992) along with the 1997 February 20
UT values of § = 1.84 and Am,, = 1.81 mag derived for Hale-
Bopp. It is evident that Hale-Bopp lies well beyond the en-
velope defined by previously measured comets. The large al-
bedo at 8 = 144°, A(8) = 0.41, is also significantly larger than
has been observed at this scattering angle for other comets and
is consistent with the interpretation that the grains are smaller
than usual. It is a matter of record that Hale-Bopp is an unu-
sually bright comet, and there has been much speculation that
this results from the high mass-loss rate that would be expected
from a large nucleus. Our data suggest that the exceptional
brightness may be due to the unusual properties of Hale-Bopp’s
grains.

There are several possible explanations for the differences
between Hale-Bopp and previous comets. For example, Hale-
Bopp could be an unusually pristine OQort Cloud comet. Al-
ternatively, the submicron grain population could be associated
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FiG. 3.—Silicate feature excess Am,, as a function of superheat § for comet
Hale-Bopp C/1995 O} and nine comparison comets from Gehrz & Ney (1992).
The vertical and horizontal bars represent the standard deviation of the sample
{a, = N'g) of these parameters for multiple observations of a given comet.
Coma emission from comels near the origin is dominated by relatively large

grains with radii « > 1 gum. Coma emission from comets with large values ol'

Am,, and § is dominated by small grains with ¢ 0.5 pm. It is L\ldem that
Hale-Bopp lies at a new extreme in this diagram relative to previously observed
comets, suggesting that its coma grains are significantly smaller.

with Hale-Bopp's exceptionally active jets. Gehrz et al. (1995)
found that jet activity in comet P/Halley was correlated with
the release of small grains.
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4. CONCLUSIONS

Our observations clearly show that comet Hale-Bopp C/1995
Ol contains a population of hot submicron absorbing grains
that are unusually small. This submicron grain component is
the smallest yet observed for any comet. This grain population
produces the large superheat of § = 1.84. The 10 um silicate
emission feature is the strongest yet observed in a comet and
indicates an unusually large population of submicron sized
grains, The large value of A(f) = 0.41 at § = 144° is also
consistent with the interpretation that the grains are small. We
present arguments showing that the grains have radii a < 0.4
um. These dust radii are comparable to the radii of the stardust
that condenses in the outflows of some novae (Gehrz 1995)
but still about 10 times larger than the average radius of the
grains that produce the general interstellar extinction.

Our paper emphasizes the value of having the entire 1-20
wm spectral energy distribution measured simultaneously. We
are analyzing similar data sets obtained during 1997
March—June that will allow us to follow the grain properties
during Hale-Bopp’s perihelion passage.
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Infrared Observations of Comets¥*
Robert D. Gehrz

Department of Astronomy, University of Minnesota

Comets are the “Rosetta Stone” of the solar system; they contain all the refractory and volatile materials that were
present in the primitive solar nebula, 4.7 billion years ago during the epoch of formation of the comet nuclei. That
material, frozen in its original state for aeons, is released by solar beating to form the comae and tails of comnets during
the time around perihelion passage, where its composition can be studied by present-day astronomers. Because the
thermal emission from comets is primarily emitted in the spectral region 2-30 um, infrared observations of comets play
an especially important role in efforts to reconstruct an accurate picture of the processes that led to the formation of
the planets. Infrared observations can be used to determine the composition, mineral structure, and size distribution of
cometary dust grains that were the repository for a large fraction of the heavy elements produced by previous generations
of massive stars, Supernovae, and novae that contributed their ejecta to the solar system. Spectral peculiarities of some of
the prominent infrared dust emission features record the processes to which condensable elements were subjected during
the formation of the solar system. Infrared studies also provide a basis for defining the relationships between comet
grains, grains formed in the outflows of evolved stars, and grains in the interstellar medium. Near-infrared line emission
and scattering reveal information about the Bas and ice content of cometary material. Variable activity in the infrared
dust emission from comets during perihelion passage is related to the physical structure of their nuclei, and observations
of the activity provide insight about the physical conditions under which these small bodies were formed.

The historical record of infrared observations of comets originated in the infancy of the field with the measurement
of the 1.65- to 10-um spectrum of the bright comet C/1965 S1 (Ikeya-Seki; O.S. 1965 VIII — 1965f) by infrared pioneers
E. E. Becklin and J. A. Westphal [1966]. Maas et ql. [1970] were the first to demonstrate that infrared observations could
be useful for determining the mineralogy of comet dust by detecting the 10-pm silicate-emission peak in the spectrum of
comet C/1969 Y1 (Bennett; O.S. 1970 I = 1969i).

E. P. Ney [1974, 1982] was the first infrared astronomer to conduct long-term systematic studies of the temporal
development of the infrared spectra of a significant sample of bright comets. His observations and those of subsequent
observers demonstra_ggd the importance of infrared observations in determining the mineralogy of comet grains, in speci-
fying the size of the grains, and in assessing physical characteristics of the structure of comet nucle;. The importance of
infrared observations in comet research was clearly demonstrated during the recent apparition of comet 1P /Halley (O.S.
1986 III), when extensive temporal infrared Photometric, imaging, and spectroscopic coverage was obtained [see Hanner
1988 and the references therein).

Some of the major questions about the physics of comets that are being addressed by current infrared studies of

comets are those related to: ) o e E ) T -

nuclej in composition and physical structure? Do the nuclei of pristine and petiodic comets differ in any substantial
way? SRRSO S S D I

2) The ;trﬁégure of comet comae and tails; How are grains of different sizes and mineral compositions distributed in
the comae, tails, and anti-tails of comets? What is the origin of the large particles in the comet trails detected by
IRAS? How do jets affect the coma surface brightness distribution?

3) The properties of comet grains: Why do some comets show silicate-emission features, while others do not? How
many comets show the structure in their 10-pm silicate features due to crystalline olivine and enstatjte grains? What
is the meaning of the time-variable structure and strength of emission features in some comets? Are excess grain
temperature (superheat), grain albedo, and silicate-emission strength a function of heliocentric distance? Are comet
grains altered by heating at small heliocentric distances?

and nuclei. Finally, we discuss the equipment and techniques used to measure and calibrate the infrared photometric
quantities in section 1.1.3. In this work, we have liberally consulted Previous extensive reviews and compendia of optical-
infrared measurements of comets by Ney [1982], Hanner [1988], Encrenas and Knacke (1991], Hanner and Tokunaga
[1991], Jewitt [1991], Weaver et al. (1991}, Yeomans and Wimberly [1991), and Gehrz and ‘Ney [1992]. The reader is
commended to these sources for more detailed discussions of selected topics.

* This article was written for the ICQ Guide to Observing Comets, and appears in the first edition of that pubﬁcution, PP- 117-132,
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Teble 1: Photometric properties and Physical Parameters of Comets from
Infrared Measurements Assuming the Standard Model

PARAMETERS (units) ~DEFINITION R.EI).ATIONSHIPS (units of variables as specified i column
one!)

r{cm) heliocentric distance From ephemerides

A (em) geocentric distance From ephemerides

8 (deg) Scattering (Sun-comet-Earth) angle From ephemerides

Alum) wavelength Selected by observer

¢ (arcseconds) Photometer diaphragm diameter Selected by observer

¥ (arcseconds) Angular distance between source Selected by observer

and reference beams
(@)W cm™2pm™1) Apparent fiux in ¢ for a throw ¢ Measured quantity

IX0)) Apparent flux in ¢ corrected for emission  f1(6) = 4¢(4¢ — ) fr(4,¥)
in the reference beam :
H(r', ALY Predicted apparent flux for the comet at ', A% ") = (¢'/d)r/r Y (A/AN) i b, ¢)
v’ and A’ in a diaphragm ¢’ (see Gehrz and Ney 1992)
(OS2 )max (W cm™2) (Af1) in ¢ at Planckian maximum Inspection of V/IR spectral energy distribution (SED)
f (Wcm?) Total apparent flux in ¢ I= A Alg)d = 1.3586 (M )emax
Qa, Qe Planck mean absorption,
emission coefficient See Gilman (1974)
Tag (K) Temperature of a black sphere at r Tgp = 278 r7}/2; r in AU
Ty (K) Observed Grain Temperature Ty = (LoQa/170r2Q) ¢ = 278 r;/*(Qa/ Q)4
S Superheat (Temperature excess) S =T, /Tan = (Qa/Qc)V*
1) Ratio of the scattered £(8) = focarz(8)/ [1R(6) = M 2(O)hmae mcate/ M3 (D]maxsm
to the thermal radiation
A(9) Bolometric Albedo at & A(6) = f(8)/1L+ £(6)) '
A Mean Bolometric Albedo A=x"1 [ A(6)ds
Amyg; (mags) 9.7um silicate emission feature excess Measured gﬁ' TR SED at A = 9.7um
dMp/dt (g s7Y) Dust mass loss rate dMp/dt =7 % 108246 (AfiJmax,sp; T a0d A in AU
grain, gas composition See Table la . TR emission features and spectral lines

“T Unless otherwise noted in column three
_ O & O

1.1.1. Photometric quantities derivable from the infrared spectra of comets

Figure 1 shows the 0.5- to 18-um spectra of the coma, tail, and anti-tail of comet C/1973 E1 (Kohoutek) [Ney 1974].
Because a spectrum is also a plot of the amount of energy emitted at each wavelength, we often use the term “energy
distribution™ in the discussion that follows when the spectrum is being used primarily to determine quantities related to
energy balance. An important characteristic of the scattered and thermal energy distributions of comets is that they follow
the spectral shape of a blackbody (a body that is a perfect absorber and emitter). The blackbody energy distribution f)
= 27hc? A~ 5[exp(he/ Al:? —1]~1 is called the Planck function after Max Planck, who showed that its characteristic shape
can be theoretically predicted from the laws of quantum mechanics. The position in wavelength of the peak of the curve,
called the Planckian maximum, was shown by Wien to be related to the temperature of the blackbody. Wien’s law is
AmaxT = 2898 um K for the f) function, and AgaxT = 3670 pm K for the Af) function. Evaluation of the energetics
of comet emission is especially straightforward when the quantity Af) is plotted as a function of the wavelength, A, as
shown in section 1.1.2. It should be noted that plots of Af, versus A and plots of Af, versus frequency v = ¢/) are
equivalent. As discussed in section 1.1.3, the flux fi is a quantity that can be directly derived from measurements of
comets and standard stars, and it is multiplied by A to produce the quantity Af, plotted in Figure 1.

The scattered solar component of the spectrum is caused by sunlight reflected by dust grains in the coma and tails.
This component can be examined by combining observations from the visual and near-infrared regions. The total power
(W/em?) in the scattered radiation delivered to an observer viewing the comet at a scattering angle 6 (the sun-comet-
earth angle)? is measured by the quantity [Af3(6))max,scat, defined by the Planckian maximum of the scattered radiation
component (see Table 1). Usually, VRIJHK photometry or spectrophotometry will suffice to specify this quantity. This
scattered component essentially measures the 6 dependence of the albedo, A(), of the comet grains — a measure of
their physical sise and structure.

Thermal emission from the coma, tail, and anti-tail — produced by the re-radiation of the sunlight absorbed by
dust grains — is evaluated by measurements from 3 to 30 pm and beyond. It is evident from Figure 1 that the
energy distributions of these structures can contain both a blackbody-continuum-radiation component and broad emission
features. The continuum is believed to be caused by an amorphous-carbon-dust component. The total power emitted
by the carbon-dust-component of the coma at scattering angle 8 is measured by the quantity [Afi(6)]max,mm, the peak
of the Planckian maximum of the continuum-radiation component (see Table 1). Additional power contributed by other

? equivslent to the phase angle, usually represented in the ICQ and JAU Circulars by 8.
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dust emission features (see the following paragraph) is usually negligible. The total thermal-infrared power is essentially
& measure of the dust massloss rate dM,, /dt from the nucleus, and can be highly variable. Grain temperature T
is measured by the wavelength Ay, of the peak of the continuum component, using Wien’s law. Grain size can be
inferred from measurements of this quantity, as we show below. Figure 1 shows that the coma and tail have a much
higher temperature than the temperature Ty expected for a black sphere at the same heliocentric distance. This
temperature excess, which is termed “superheat”, is an indication that these components are made of very small grains.
The temperature of the anti-tail is roughly Tbs, showing that it is made of very large grains that are efficient radiators.
The relationship between grain size and superheat is discussed explicitly in seetion 1.1.92.1.

10-11

T T

Comet Kohoutek 1973f:
1974 Jan 1-7 UTC, r = 0.23 AU

rrrTTm

10—tz T = 720K
¥ : ]
£ 10-13f E
0 3 3
= : " Anti=Tail ]
- Nae o 1—1lal
EL': 10-14 % K T = 580K

A daesanl

. Tail
10-15 ¢ N T=780K3:
10-16 I T T N N | N | NS S T |} i S MR I S S T Y
3 456 100 2 3 456 Q1 2 3 ¢56 102
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Figure 1. The spectra of the coma, tail, and anti-tail of comet C/1973 E1 (Kohoutek; O.S. 1978 XII
= 1973f), showing the various characteristics of cometary emission that can be investigated using infrared
observing techniques. Data are from Ney [1974]. The scattered solar component can be compared with
the thermal emisgion to 8ive the albedo. The superheat (temperature excess) of the coma and tail over the

Broad emission features due to small dust grains are often present in comet spectra, and several of these are evident in
he spectra of the tail and coma of comet C/1973 E1 (Kohoutek). Silicate grains can Produce strong emission features at
0and 20 ym caused by the stretching and bending vibrational modes in the Si0, molecular bonds, and the Si-C stretch
ibration of silicon carbide can produce a feature at 11.3 4m [see Woolf and N ey 1969]. Hydrocarbon emission features
1 the region 3.2-3.5 Am may be caused by stretch vibrations of the C-H bonds of polyeyelic aromatic hydrocarbons
PAHs) or types of hydrogenated hydrocarbons as discussed by Allamandola [1984) and Allamandola et al. [1987]. The
\rared spectral emission features observed from gas and dust in 1P/Halley and C/1986 P1 (Wilson) are listed in Table
- The strength and shape of these features can be used to deduce the mineral composition of comet grains. For example,
Tucture in the 10-um silicate-emission feature has been interpreted as indicating the presence of the crystalline silicate
inerals olivine and enstatite in the grains of some comets [see Hanner 1988; and Hanner et al. 1990, 1994a, 1994b).

A very important objective of infrared monitoring of comets is to track activity patterns through long-term temporal
wervations. Analysis of thege variational patterns can be used to infer information about both the physical structure
d the rotation rate of the nucleus. Gehrz and Ney [1992] and Gehrz et al. [1995) found that the thermal flux from
'/Halley’s coma varied by factors of almost 10 compared to the canonically expected behavior on time scales as short

several hours and as long as several days. The activity variations they observed included significant changes in the
iin temperature and albedo, as well as in the shape and strength of the 10-pm silicate-emission feature, Many of
: changes were consistent with the hypothesis that jets of smal] particles can be released by insolation as the nucleus
nbles. Recently Fomenkova et al, [1995) showed how time-sequences of infrared images can be used to deduce the
ation rate of a cornet nucleus through measurements of the positions of prominent jets.
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Table A. Infrared Spectral Features and Emission Lines

Observed in Comets 1P /Halley and C/19886 P1 (Wilson)®

Ain gm PROBABLE SOURCE

1-2.5 CN, H;0

263 H,0 ges?

27 H20 gas, other unknown molecules
28 OH

3.0 NHj;, HCN, H20 ice

315 unidentified

3.29 hydrocarbon grain constituent (PAH?)
3.36 CH stretch in grains

352 CH stretch in grains

36 H,CO

4.3 CO2

44 CN

46 co

484 ocs

52 unidentified

6.8 carbonates

9.7 amorphous sificate dust grains

9.8, 10.5, 11.3 crystallyne silicate (Olivine and Pyroxene?)
12.2 unidentified

20 amorphous silicate dust grains
23.8 Olinene?

28.7 unidentified

24 Olivine?

s Olivine?

40 QOlivine?

3" After data presented in Campins and Tokunaga 1988
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Figure 2. The observed coma continu
tance for a sample of recent bright comets.
that Tup defines the lower limit to the temperature of comet grains.
“A ustin 1984” indicates comet C/1984 N1,
K1, “Crommelin® indicates comet 27P,

(Kobayashi-Berger-Milon),

and Ney [1992], reproduced by permission of Icarus.

um temperature, Tgr, plotted as a function of heliocentric dis-

Comet 1P/Halley’s grains were superheated. It is also evident
“KBM?™ indicates comet C/1975 N1
“Machhols™ indicates comet C/1985
and the dust trails refer to those found by IRAS. Figure from Gehrs

1997
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1.2. Derivation of physical properties of comet comae and nueclei from Photometric quantities

A straightforward way to gain an elementary understanding of the relationships between measurable infrared photo-
:tric quantities and the physical parameters of comets is to consider the steady-state model of nuclear activity [Jewitt
91; Gehrz and Ney 1992]. For this case, both the scattered and thermal emission from the coma is caused by dust
ains ablated from the nucleus at a constant rate dN /dt grains/sec that flow away from the nucleus at constant velocity
- Although molecular emission is observed in the infrared as mentioned above, the total energy in this emission is
iignificant compared to the dust scattering and emission. We ignore molecular emussion in the discussion that follows.
though the standard model does not necessarily apply to periods of high, irregular activity, there are many occasions
ten 2 comet has been in a steady state for a long-enough period of time to be adequately characterized by this model.
* outline below an analysis deriving some important physical characteristics of the steady-state model. This analysis,
ginally presented in more detail by Gehrz and Ney [1992], assumes that infrared energy distributions measure the
dperties of the “optically important” grains. These are defined as the grains that dominate the scattered and emitted
liation. Based upon existing ground- and space-based measurements of the grain-size distribution in comet comae,
mitt and Meech [1986] and Jewitt [1991] showed that the effective grain radius a for the optically-important grains can
determined by assuming that the differential grain distribution follows a power law of the form n(a)de = Ka~™da,
ere n(a) is the number density of grains of radius a in number of grains cm™3. If, as suggested by existing data, there
a lower limit Gmi, to the grain radius, the mean grain radius of the optically-important grains can be shown to be

'Ween 2amin and 3amin, and where m lies between 3 and 4.5 [Gehrz and Ney 1992]. The parameters derived below are
ined and their units are given in Table 1.

10.0 T T —T

S = 1.08 For Average
IR Type I Comet

5.0 .

3.0 .

P/Halley, IR Type I

£
g - P/Halley, IR Type I
-]

05 . .

03 -

1000K \ 300K
500K 100K
0.1 1 \ 1 I 1 \
1.0 2.0 3.0 40 5.0 10.0
S

Figure 3. The superheat, S, plotied as a function of grain radius, a, and temperature, Tyr, for small
carbon grains illuminated by the solar radiation field, assuming that the sun has an effective temperature of
5800 K. Figure from Gehrr and Ney [1992], reproduced by permission of Icarus.
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Figure 4. Silicate-emission feature strength (in magnitudes) plotted as 2 function of percent super-
heat ([S — 1] x 100) for recent bright comets. They are correlated, as would be expected, on theoretical
grounds. Note that “KBM” indicates comet C/1975 N1 (Kobayashi-Berger-Milon), “Koboutek” indicates
comet C/1973 E1, “Bennett” indicates C/1969 Y1, and “West” indicates comet C/1975 V1. Figure from

Gehrr and Ney [1992), reproduced by permission of Icarus.
o 0 °

1.1.2.1. Superheat and silicate emission features: their relationship to grain size

Many comets have a coma-grain temperature considerably higher than the black-sphere temperature appropriate to
the comet’s heliocentric distance, probably because the coma grains are too small to radiate effectively. A quantitative
relationship between the grain radius, a, and the grain temperature, Ty, results from equating the power absorbed by

" the grain from insolation* to the power emitted by.the grain in the infrared:

Lo 4.2
m = 47a Q,aT;r, (1)
where r is the heliocentric distance in cm, @ is the grain radius in cm, Lo = 3.826 X 1033 erg/s is the solar luminosity,
o = 5.6696 x 10~ erg cm~2 deg™* is the Stefan-Boltzmann constant, and Qqu(a,T) and Q.(a, T) are the Planck mean
absorption and emission coefficients. Q. is the absorption efficiency of the grain averaged over the spectrum of the
illumninating source (the sun), and Q. is the thermal emission efficiency of the grain at Tg;. Solving equation (1) for the

grain temperature yields
L@ Q¢ 1 / 4
Ter = [mrarzq,] ’ (2)

which gives the black-sphere temperature,

! 278
Tpp = —= d

5 = = deg K, (3)
in the case when Qg = Q. = 1, where r in equation (3) is the heliocentric distance expressed in AU (1 AU = 1.4960 x
10! cm).

The)bla,ck-sphere condition defines the temperature that would be expected for rather large grains that have a very
low refiectivity, and therefore Tps is also expected to define the lower limit to the temperature of comet grains. For
small grains (Q. < Qa), the grain temperature must be higher than the black-sphere temperature when the grain is in
radiative equilibrium. The grain temperatures for a sample of recent bright comets and comet tails are shown in Figure

4 absorbed by the grain from sunlight
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2. The temperature excess can be quantified by definin
to the temperature of a perfectly-conducting
color temperature of the grains measures the
root of the ratio of Q, to Q.:

grain temperatyre
iocentric distance. Assuming that the infrared

gr» it is seen that § measures the fourth

(4)
where the right-hand side is unity for large grains, and becomes progressively larger as the grain size decreases (see Figure
3). The physical grain temperature and the grain-color temperature are equivalent in cases where the gTain emissivit
does not vary significantly over the spectral region that is used to define the color temperature. The strength of the 1(-
and 20-um silicate features is also an indicator of grain size. Ag discussed by Gehrz and Ney [1992], the features should
be strongest for grains that are much smaller than a i i i
that approach or exceed radii of 10 um. This has been confirmed for the 10-pm silicate-emission feature in laboratory
experiments conducted by Rose [1979].

Since the arguments that we have outlined above show that both S and silicate-emission strength should increase
as grain size decreases, one might expect that § and silicate-ernission strength should be correlated in comets. Figure 4
shows that this is, indeed, the case.

10 T v

PfHalley

KBM

Bradfield
Austen 1984i
Austen 1 989c;,
West 1875h
Kohoutek
Bradfield 1974b
Crommelin
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Figure 5. The albedo of comet grains as a function of scattering angle, as measured by the ratio of the
scattered to the re-emjtted (absorbed) radiation. The forward scattering peak and shape of the curve show
that the grains are fluffy aggregates. Note that “KBM?” indicates comet C/1975 N1 ( Kobayashi-Berger-Milon ),
“Kohoutek” indjcates comet C/1973 E1, “Bradfield” indicates C/1980 Y1, “Bradfield 1974h" indicates comet
C/1974 C1, “Crommelin” indicates comet 27P, “Austen 1984}” indicates comet C/1984 N1 (Austin ), “Austen
1989¢c, ” indicates comet C/1989 X1 (Austin ), and “West 1975h” indicates comet C/1975 V1. Figure from
Gehrs and Ney [1992], reproduced by permission of Icarus. ’
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1.1.2.2. Total power in the scattered and thermal energy distributions

The determination of the total power f radiated by a blackbody (see Table 1) is particularly straightforward when
the continuum emission from the dust approximates that of a blackbody. This is essentially true for all comets, since
emission features contribute a negligible amount to the total power in either the scattered or thermal energy distributions.
In this case, the ratio of the maximurm of the Afx function to the total bl- :kbody emission f is given by

(Afa\)max _ 2xwhc? 1 _ 1 5
f T o(AmT) Pl (mT) — 1| 1.3586° (5)

where A, is the wavelength of maximum emission in Af; AT = 0.3670 cm deg is Wien’s law for Afy; h = 6.262 X
10-27 c.g.s.; ¢ = 2.8979 X 101° cm/s, o = 5.6696 x 10-5 c.g.s.; and k = 1.3806 x 10-16 c.g.s. Thus, for example, the
apparent infrared intensity frr of the coma is given by

frr = 1.3586(Af2)max,IRs (6)

where (Afi)max,Ir is the observed apparent emission maximum of the thermal-infrared continuum.

1.1.2.3. Albedo of comet dust and the structure of the grains

The bolometric (total-power) albedo, A, for a comet’s coma is a measure of the ratio of the light scattered by the
grains to that absorbed and re-emitted; A can be defined by the relationship

f'c“t — A .
frr 1-4° ()

where the lefi-hand side is the ratio of the energy scattered in all directions to the total energy absorbed from the sun;
Fecat is the observed scattered power (in units of W cm™2) integrated over all scattering angles, and fIr (in W em™?) is
the observed thermal emission due to re-radiation of the absorbed radiation. For small grains, fscqe must be derived from
measurements of the visible/near-infrared energy distribution of the coma at all scattering (sun-comet-Earth) angles,
because the scattering function is strongly angle-dependent (see Figure 5). This can be accomplished to some extent for
any given comet by observing it at as many phase angles as possible, as the viewing aspect changes during the orbit. In
practice, since no single comet necessarily presents all scattering angles, the “typical” comet scattering function shown
in Figure 5 must be obtained by piecing together measurements of many comets. It can be seen that much more data
are still required for scattering angles near 0° and 180°. The sunlight that is absorbed and re-emitted in the infrared
by the grains as fir can be determined by measurements of the thermal-infrared energy distribution of the coma. The
albedo, A(f) for a scattering angle 6 is defined by analogy to equation (7), above, as

__f(8)
A®) =TT FE) (8)

where:

facatt(e) = [A.fa\(o)]max,lcat . (9)
fir(6) ~ PAa()lmaxir
In equation (9), ficat (8) and fir(6) are the integrated apparent intensities of the scattered and thermal energy distribu-

tions of the coma, respectively, for the scattering angle 6.
The mean bolometric albedo, 4, averaged over all scattering angles is then given by

f(8) =

A= ;1;/ A(8)de. (10)

Since the scattered and thermal energy distributions of comets can be closely approximated by blackbody energy dis-
tributions, the result obtained in section 1.1.2.2 (above) can be used to determine fycqe(6) and F1r(0) from the directly
measurable quantities [ frlmax,scat and [Afa]mazIR- The A(f) curve defined by infrared observations of a number of
comets (see Figure 5) shows that there is a fairly strong forward scattering peak near 6 ~ 0° and is consistent with the
interpretation that the grains are fluffy aggregates [Gehrz and Ney 1992}
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1.1.2.4. Dependence of a comet’s apparent infrared luminosity on ry A, and beam size

For a coma that is optically thin to thermal infrared radiation, as is always the case in the thermal infrared, the
apparent infrared intensity figr of a coma composed of N dust grains is:

fin = Lin _ 41rNazQ,a'T;t_ Na?Q.oTE
BT mAT T T qmar . T T

(11)

where L;g is the coma luminosity. Assuming an isotropic grain distribution for a spherically symmetric coma within a
radius R of the nucleus, then N is given by

dN dN R

R
N=4r / n(R)R*dR = —i (12)
0

ST TR L

where t = R/V, is the time required for grains to flow at constant velocity V, out to radius R, and n(R) is the radial
number density distribution of grains in the coma. It therefore follows that the radial grain density distribution for the
steady-state model must be g
1 N
(13)

n(R)= 4rR?V, dt °

Integrating n(R) over the cylindrical volume V of the coma that is intercepted by a photometer beam of angular diameter
#, to obtain the number Ny of grains emitting into the beam, yields — with the help of equation ( 11) — an apparent
infrared intensity fe,1r in the beam of

a?Q.oT? a2Q.oT* 7a%Q.oT? ¢ dN
Jorr = Az "N¢ = —E—ﬂ‘/‘/fn(R)dsn = [——-‘ﬁz—ﬂ KI’ (14)
v

where the result on the extreme-right-hand side is for the case where the angular diameter of the beam is much smaller
than the angular diameter of the coma. It can be seen from equation (14) that f4rp ¢/4, leading to the correction
terms specified in Table 1 and discussed in section 1.1.3.7, below.
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Figure 6. The activity of the nucleus of 1P/Halley 88 & function of heliocentric distance at visible (a) and
infrared (b) wavelengths, as measured by variations of the apparent intensities AAA(V))mar = (Af2)mas,sces
and [Afa(IR)mase = (Af2)mas,zr, respectively. Figure from Gehrr and Ney (1992], reproduced by permission
of Icarus. .
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Figure 7. The infrared activity of the nuclei recent bright comets as a function of heliocentric distance,
as measured by variations in the quantity Afs(IR)lmee = (Af2)moz,1r. Figure from Gehrz and Ney [1992],
reproduced by permission of Iearus.

1.1.2.5. Activity in comet nuclei
The apparent infrared intensity foIr of an optically-thin cometary coma in a beam of angular diameter ¢ radians
that is much smaller than the angular extent of the coma is

70?Q.0T% | ¢ AN _ [a?Qalo] ¢ dN
fé.IR = 1.3586(Af,\)mm = [T] K-?i? = [-—-GE/'O—] ;;EF (15)

If the grain production rate as a function of r, dN(r)/dt, is directly proportional to the insolation of the nucleus:

dN(r) dN 2
=gt @)

where g is the perihelion distance and d¥ (g)/dt is the grain production rate in grains/sec at perihelion. Therefore, the
apparent comna intensity is , (
_[4*°QaLo] ¢g dN(g) &
fear = [ 64V, ] HA dt A ()

the coma is generated by emission from very small silicate grains, for which Q.

In cases where the luminosity of
a, the apparent infrared intensity of the coma is directly proportional to the total mass, Mgy, of the grains:

Mg
f@[g [« 9 —;4%' (18)

From equation (18), it is apparent that the approximation quantified in equation (16) implies a dependence of r—* for
both the scattered and thermal energy distributions of comets. The quantity [ fr}maz,1r is 2 better measure of a comet’s
of the rather strong variation in albedo with phase angle (see Figure 5).

intrinsic brightness than is [Afilmaz,scat because
Figures 6 and 7 summarize the activity of the nuclei of 1P/Halley and other recent bright comets. Clearly, the activity
in most comets is proportional to +—* as predicted by the theory outlined above both preceding and following perihelion

passage. There are, as noted elsewhere in this review, substantial superimposed variations for some comets due to nuclear
activity that is most probably associated with nuclear rotation.
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1.1.2.8. Dust mass-loss rates of comet nucle

The dust mass-loss rate dMp /dt caused by the ablation of d ¥ /dt grains/sec from a comet nucleus, assuming that
each grain has a density Pgr and radius q, is

dMp d¥ 4xr 4N
& Mg Ty eedd L (19)

where m,, = 47pgra®/3 is the mass of a single grain. From the discussion above, it follows that

dMp 2567 ap,, 2
Tdt [1-3585(/\f»\)max,m]T I.o. VOT, (20)

where V, is the grain ejection velocity and SA f2)max,IR is obtained by correcting the observed intensity for diaphragm-size
and reference beam throw effects (see Table 1). Grains accelerated to terminal velocity by momentum coupling to the
gas will have V, given by

Tzs]'/?  5x 10t
Vo =15 x 10* [ﬁi] = i cm/s = 0.5 km/s, (21)

Since V, depends only weakly upon r [expressed in equation (21) in AUJ, we benceforth use ¥, = (.5 km/s. Assuming
that a & 1 um = 10-4 m = 1000 nm, p,, < 1 g/cm™3, and Q, = 1, then the dust mass-loss rate becomes

dM, A -
—dzg =7x 1021(z\f,\)mmr—¢— g/s o p 2 (22)

where r and A in equation aS22) are expressed in units of AU, We emphasize that this mass-loss rate refers only to
the emission from the optic ly-important particles. Since a considerable amount of the dust mass may be in large
particles that do not contribute significantly to the infrared emission, the mass-loss rate given by equation (22) should
be considered to be a lower limit.

1.1.8. Measurement and calibration of photometric and SpPectroscopic quantitjes
We i

describe in this sectjon how typical infrared observations of the crucial quantities ()\f,\).mg, (AfA)rr, and their
derivatives are obtained and calibrated using infrared photometers, spectrophotometers, and imagers. Unti] recently,
state-of-the-art infrared instrumentation and infrared-optimized telescopes were sufficient]y complex and costly as to be
ordinarily beyond the Tesources of even the most wealthy amateur astronomers. From the founding of modern infrared
astronomy in the early 1960s until well into the 1980s, most of the existing infrared instruments were constructed and uged
by a small handfu] of professionally-trained experimental physicists and astronomica] instrumentation specialists. How-
ever, nearly all major national, and most large private, observatories now own and operate a fairly complete complement
of infrared spectrophotometers, imagers, and imaging spectrometers. More readily than ever before, the non-specialist

1.1.3.1. Basics of infrared telescopes and measurements

Sensitive infrared neasurements, especially at wavelengths longer than 3 um — where thermal (heat) emission
is the dominant contribution to the background — must be obtained with telescopes and instrumentation that bave
been optimized to minimige therma] emission from the telescope and optics using techniques designed to facilitate the
cancellation of background radiation from the telescope and the sky. Low and Rieke [1974] and Gehrs et al. L1992] have
Previously described infrared telescope, instrumenta.tion, and observing techniques in detail, and We present here only a

limiting the divergence angle of the rays that can be seen from the focal plane. In a telescope, this type of stop can be
i i i i i und the secondary mirror or

prevent the detectors from seeing any thermal emission from the sky around the secondary and from the telescope walls.
The stop must be cold so that it does not emit thermal radiation onto the detector. A Lyot stop can be Placed anywhere
an image of the telescope’s primary mirror (a “pupil” image) is formed, and it is a blackened aperture whose diameter




i
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Cooling is easily provided since all of the infrared detectors used in the observations described herein must be
operated at either liquid-nitrogen or liquid-helium temperatures using a dewar (a vacuum-jacketed vessel, much like a
thermos bottle, that is designed hold cold liquefied gases) that contains a window to facilitate the transmission of the
light path to the detector. Since a pupil image is also uniformly illuminated, it is usually customary to place the infrared
filters, which must also be cooled and uniformly illuminated, as close to the Lyot stop as possible. In cases where this
is mechanically impossible due to space limitations, a second pupil image may have to be provided for the filters. Pupil
images are formed where needed within the dewar using small lenses or mirrors placed in the optical path. A detector
in the focal plane will view a beam upon the sky whose size is determined by the magnification of the optical system.
Single detectors in infrared photometers typically have beams with angular diameters of 3”-20". Gehrz, Grasdalen, and

“Hackwell [1992] have described infrared dewars (see their Figure 3) and cooled optical systems (see their Figure 4) in

detail.

The usual background cancellation technique is to rock (chop) the secondary mirror about its pivot with a square-
wave motion at a fixed frequency of fo cycles per second, so that the detector alternately views two discrete sky positions
called beam A and beam B. Each beam will nominally contain the same amount of background power. The detector
alternately views each beam for a dwell-time, t, = 1/(2f,) sec during a chop cycle, and the time actually required to
move the secondary from one beam to the other is negligible compared to the dwell time, t,. Typical values for f, are
5 to 20 cps, and for I, are therefore 0.025 to 0.1 sec. When an astronomical point source is placed in one of the beams
(now designated the “source” beam), the power emitted by the source into that beam is added to the background power
level. The background power in the other beam (now designated the “reference” beam) remains unaltered. A filtered
synchronous amplifier tuned to the frequency f, will detect the source signal as an AC signal that has a nominal phase
angle of either 0° or 180° with respect to the initiation of the chop cycle, depending upon whether beam A or beam B is the
source beam. Gehrz et al. [1992] have described the square-wave chopping process and the expected signal forms in detail
(see their Figure 5). Under “Background Limited Incident Power” (BLIP) conditions, the detector noise is negligible
compared to the noise on the signal due to the photon (“shot”) noise in the background power. If the background power
is negligible, the noise on the signal will be due to the intrinsic electrical noise of the detector and amplification systems.
These two conditions are termed background-noise-limited and detector-noise-limited, respectively. If the two beams
view the optics of the detection system and the telescope from slightly different aspects, the amount of residual thermal
emission into each beam will be different for the two beam positions, and a “false” AC source signal will be produced
whose phase remains constant when the astronomical source is switched from one beam to the other.

Data is typically obtained by taking a number of A-B, B-A beam-switched pairs. The source is first centered in beam
A, so that beamn B is the sky-reference beam, and the signal is integrated for a time t. The telescope is then moved so
that the source is centered in beam B, with beam A becoming the sky-reference beam, and the signal is integrated for the
same time interval. The second half of the A-B, B-A cycle is conducted by reversing the process. It can be shown that
the A-B, B-A cycle éliminates the false AC signal component from the telescope to first order. Signal-to-noise is improved
by statistically co-adding the results of many A-B, B-A pairs. Although the most accurate background cancellation can
be obtained if the beams are tangent (that is, the angular distance, or “throw”, between the beams is equal to their
diameter), larger throws are needed for comets because they are extended sources of emission.

Chopped, beam-switched elimination of the telescope emission and sky background is essential for any infrared pho-
tometric, imaging, or spectroscopic observation where strong or variable background radiation is a significant issue. This
includes almost any observations where the thermal background is high (A > 3 pm), but can also apply to observations
at shorter wavelengths where cancellation of rapid upper-atmospheric air-glow line-emission fluctuations is required.
Correction of the data for the effects of atmospheric extinction (absorption) is described in section 1.1.3.6. Because the
angular distance between the source and reference beams cannot be arbitrarily large, due to the mechanical limitations
of chopping secondary mirrors, the reference beam may still fall on a portion of a source that has a large angular extent.
This is almost always the case for comets, and we describe how to correct the source-beam flux for source emission in
the reference beam in section 1.1.3.7, below.

1.1.3.2. Infrared photometry of comets

Infrared photometry may be defined as the measurement of monochromatic intensities using broad filter bandpasses,
ordinarily with widths given by 30 2 Ao/AX > 1, where X, is the effective wavelength of the center of the bandpass and
A) is the nominal Full Width of the bandpass at Half Maximum intensity (FWHM). Usually, individual cold thin-film
interference filters are placed in the incident radiation beam by mounting them in a slide or wheel that is fastened to
the cold work surface within the dewar. In computing A, the instrumental transmission function, $(2); the atmospheric
transmission curve 7(}); and the energy distribution of the source under observation, fi, must all be taken into account
using

_ijﬂnﬂnhﬂ
°T [ e(N)r(A)fadA )

The function $(}) includes the transmission function of the filters, the transmission efficiency of the telescope/instrument
optical system, and the response curve of the detector. Bolometers (total energy detectors) are the detector of choice for
ground-based photometric measurements of comet infrared-energy distributions, because they have a quantum efficiency
~ 1 from V (0.55 pm) to 33 pm and have detector noises lower than the BLIP noise for photometric bandpasses. The
most popular of these in the 1990s are the Ga:Ge and Ga:Si devices available through Infrared Laboratories, Inc., in
Tucson, AZ. Photoconductive and photovoltaic solid-state Jetectors are used in some photometric systems, but these

(23)
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have a Iong-wavelength cutoff beyond which they do not respond because the
into the conduction band; they also have lower quantum efficiency and a less

3. For interpolating the fluxes given in column 3 of Table 3 to obtain Zero-magnitude fluxes
accuracy at other effective wavelengths between 1.9 and 33 um on the Minnesota/Wyorning 5

lati ip:
readionship 1.903 x 10-12 1
= [ A5 }[31.439/,\_ 1]’ (24)

where 1 is in Am, Fy has units of W ¢m—2 pm~! and Fy and F, are related by
Fy = (3.33x 101)x2p,, (25)

with F,, in units of W -2 Hz~1/2, Geveral Private an
helium-cooled bolometers and with standard filters on the infrared photometric systems similar to thoge defined in Tables

The magnitude of an unknown source may be calculated from a measurement of a standard star, using the fact that
the magnitude difference between two stars whose apparent flyyes are fi(2) and f, () is given by

2

all infrared wavelengths. The stars in Table 4 will be suitable for calibrating bolometer systems. Thege detectors, used on
a2 to 3-meter-cla-s&_ground-based telescope, can typically measure (at a signal-to-noise level of 3 or better) magnitudes
as faint as +10 at g »+5 at N, and +2 at Q. Bright comets inside r = 1.5 Ay typically will be thig bright in a beam
or 5 angular diameter centered on the coma. In:Sh spectrophotometers containing JHKLL' M photometric filters and
l-percent resolution, 2- to 4-pm Circular Variable Filter Wheels fCVFWs) are much more sensitive than bolometers at
wavelengths from ] to 2.5 pm where the background power is negligible; they can measure objects with J-x magnitudes
fainter than 15-17, depending upon telescope aperture size. The calibration of the InSb systems requires the use of a
network of much fainter standards, and linearity issues must be addressed by observing standards having a brightness
comparable to that of the unknown source. We give lists of selected intermediate brightness (Table 5) and faint (Table
6) United Kingdom Infrared Telescope (UKIRT) standards to facilitate near-infrared observations with In:Sh systems.

1.1.3.3. Infrared spectroscopy

Infrared spectroscopy is performed at higher resolutions than photometry, and is usually characteriged by spectral
resolutions of 106 2 A/AX > 30. Moderate-resolution Spectroscopy (A/A) < 100) for X < 920 Am is often accomplished
using cooled circylar variable thin-film interference filters (CVFs), for which the wavelength transmitted is a function
of angle around the wheel. These are mounted within the dewar as described above for photometry, and are rotated
in front of the detector to scan the wavelength interval of interest. Still-higher spectral resolutions, and applications
beyond 20 #4m, require the use of dispersive optical elements such ag reflection gratings or prisms constructed of infrared-

nsmitting materials. The highest spectral resolutions (A/A 2 10*) require Michelson or Fabry-Perot interferometers
and heterodyne detection techniques such as are used in radio astronomy. The detectors of chojce for most infrared
Spectroscopic measurements are the photoconductive and photovoltaje detectors described in section 1.1.3.9 (above),
since the therma] background is very low at these bigh resolutions. Despite their superiority at high backgrounds,

bolometers suffer from excessive detector noise at lower backgrounds. The_ calibration data and stars cited in Tables 2.6

water, ozone, and CO absorption lines and numerous near-infrared airglow emission lines, Extinction corrections such as
those described in section 1.1.3.6 can be fine-tuned by iteratively applying equation (27) to null out the telluric emissjon
and absorption features, In general, spectroscopy of sufficiently high spectral resolution (A/AXx = 50-100) to study the
mineralogy of dust grains (using the 10-pm feature) limits such studies to bright comets that are near or inside p = 1
AU.
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Table 2: Infrared Photometric Bandpasses Commonly in Use for Infrared Observations of Comets'

Minnesota/Wyoming Systems NASA IRTF System? Arizons Systems’
Gehrz et al 1974 Gehrz et ol 1992 Gehrz 1997 Tokupaga 1986 Johnson 1965 Campins et al 1985
(This work)® : ;

Filter %o pm)  BA A (pm) B X () B de m} AN do (pm} B A (pm) A

(pm) {pm) {pm) (prm) (pm) (prn)
R - - 09 02 - - - - - - - -
J - - 12 02 - - 1.2 0.3 125 0.37 1.26 0.20
H - - 1.6 0.3 - . - 1.6 0.3 - To- 1.60 0.36
K 23 0.7 22 04 - - 2.2 04 22 9.6 2.22 0.52
L 3.6 1.2 36 12 - - 3.55 1.05 s 10 3.4 0.97
L - - - - as 04 3.78 0.57 - - - -
M 4.9 0.7 49 0.7 - - 4.7 0.57 50 1.2 48 0.60
N 10.0 58 100 5.8 - - 10.5 5. 10.2 5.6 10.6 5.
N7 - - 791 0.76 - - - - - -
N8 8.7 1.0 8.7 10 881 0.87 - - - - - -
N9 - - 9.80 0.95 - - - - - -
N10 - - 10.27 1.00 - - - - - -
Nil 11.4 20 114 20 1L.70 L1l - - - - - -
N12 12.6 0.8 12.6 08 1249 1.16 - - - - - -
Q 19.5 5.8 195 58 18 5 20.6 9, - - 21.0 11.0
Qs - - 23 6 - - - - - . - .
Qs3 - - i 2 - - - - - - - -

b i R B R i

! Filter bandwidtha are Full Width at Half Maximum (FWHM)

3 As cited in Hanner and Tokunaga 1991

3 The G.filter NASA TRTF silicate interferrence filter set (3, = 791, 8.81, 9.80, 10.27, 11.70, and
12.49 pn) has been justalled in several Minnesota/Wyoming Bolometers since June of 1987,

Table 8: Absolute Flux Densities for 0 Magnitude!

Minpesota/Wyoming Systems? IRTF/ Arizona Systems®
Filter do 3\ B F, 2o Fy, F, F,
{pm) (Wem=3gm™!) WwmE") () (gom) (Wem~2pm™") (Wem=2pm™) (1)
R 0.9 8.9x10-33 2.40x10-% 2405 - - - -
J 1.2 3.3x10-13 1.72x105 1720 126 3.03x10-1? 1.60x10-% 1600
H 1.6 1.2x10-%3 1.02x10-2 1025 . 1.8 1.25%10~13 L07x10-% 1067
X 22 4.2x10~ 1 6.78x10~13 6718 22 411x10°1¢ 6.64x10~2¢ 664
X 23 3.39x10-% 598x10-% 598 - - - -
L 36 6.43x10-% 2.78x10-2 218 3.54 6.83x10-1® 2.86x10™3 286
.n 38 $.25x10-18 253x10-# 253 3.80 5.29%x101% 2.55x10~ % 255
M 4.9 1.09x10-1% 1.59x10~% 159 48 2.19x10™1% 1.68x 10~ 168
N 10.0 1.23x10-1¢ 4.10x10~% 410 10.10 1.18x1071¢ 4.02x10™18 402
N7 791 3.08x10~1¢ 6.43x10- 643 - - - -
N8 87 212x10-1¢ 535x10-2 535 - - - -
N8 881 202x10~18 523x10-S 523 - - - -
N9 9.8 1.33x10-1¢ 426x10~2 4286 - - - -
N10 10.27 1.11x10-1¢ 391x10-% 30.1 - - - -
N1l 114 7.35x10-17 3.19x10~% 319 - - - -
Nii 11.70 8.63x10~17 303x10-% 03 - - - -
N12 12.49 5.13x10~17 2.76x10~% 276 - - - -
N12 12.6 4.96x10-17 2.63x10> 263 - - - -
Q 18 L21x10~Y 1.31x10-% 13.1 - - - -
Q 19.5 884x10~1 1.12x10-% 12 20.0 7.88x10"'% 1.05%10-%8 10.5
Q3 B 458%10~1® 808x10~* 808 - - - -
Qa3 33 1.09x10-18 396x10~% 3.96 - - - -

11)y= 10~ Wm—3Hz~!

3 Jntrepolsted using the ﬂuxnlaglvenbyGehn.Backwendeonu (1974) and
Gehrz, Grasdalen, and Hackwell {1992)

’Cnlcubzed[ortheVepﬂusudmsnltudcglvenbymwd’mkuw
1991
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Table 4: Magnitudes of Selected Bright Infrared Standard Stars
on the Minnsota/Wyoming Photometric System!

Filter Ao a Ly~ a Boo a Tau B Peg 8 And B Gem npUMa a Sco aCMe ~4Cru
AQv K2lllp K5m MO MoII Ko Mom Mib AlV Mm3m
I 0.9 0.00 ~1.67 =131 -0.40 -0.19 0.1 +0.81 ~L70 -1.43 -
J 1.2 0.00 ~2.17 -1.83 -L09 -0.81 -0.48 -0.08 -3.10 -1.43 -
H 1.6 0.00 -2.91 -2.70 -2.07 -L.75 -1.05 -0.68 ~-3.80 -L43 -
K 2.2 0.00 -3.00 ~2.84 -2.2¢ -1.90 -1.12 -0.86 -3.80 -1.43 -3.08
K 23 0.00 ~3.00 -2.84 ~224 -1.90 -1.12 -0.86 -3.80 -1.43 -3.08
L 3.6 0.00 =3.11 -2.95 ~2.43 -2.06 ~1.18 -L.00 .10 -1.43 -3.24
L 38 0.00 =3.11 ~2.95 -2.43 -2.06 -1.18 -1.00 .10 ~1.43 8.4
M 49 0.00 ~2.97 ~2.78 -2.27 ~-1.86 ~1.09 Q.75 -3.90 -1.43 -3.03
N 10.0 0.00 =3.12 -2.94 ~2.48 ~2.03 ~1.16 -0.92 - -143 -
N7 7.91 0.00 <3.12 -2.95 -243 -2.01 -1.19 -0.90 - =143 -
N8 8.7 0.00 -3.13 -2.95 ~-243 -2.01 =119 -0.90 - ~4.30 -1.43 -3.26
N8 881 0.00 -3.13 -2.95 -2.44 =2.01 -1.18 -0.90 ~4.30 ~-1.43 -3.26
Ng 9.8 0.00 -3.13 ~2.95 -247 -2.02 -1.19 -0.92 -4.80 -1.43 -3.39
Ni1o 10.27 0.00 -3.13 ~2.95 -2.49 ~2.03 -1.18 -0.92 -4.80 -1.43 -3.40
Nl 114 0.00 ~3.19 ~3.02 -2.54 -2.11 -1.19 ~-1.01 -4.80 ~1.43 3.4
N11 11.7 0.00 -3.19 -3.03 -255 -2.07 ~-1.19 ~1.01 —£.80 -1.43 -4.35
N12 12.49 0.00 -3.20 ~3.03 -2.55 ~2.07 -1.17 ~1.01 —4.80 ~L43 =3.51
Ni12 126 0.00 -3.20 -3.04 -2.56 -2.02 —-1.16 -1.0t -4.80 -1.43 -3.52
Q 18.0 0.00 =317 =313 =277 -2.08 ~1.16 -1.01 ~4.80 ~1.43 -3.40
Q 19.5 0.00 -3.17 -3.13 -277 ~2.08 -L21 -1.01 —4.80 -1.43 -3.40
Q23 px] 0.00 -3.17 -3.13 277 -2.08 -1.21 -101 -4.50 ~L43 -3.40
Q33 3 0.00 -3.17 =-3.13 -.77 ~2.08 ~1.21 -1.01 -4.80 -1.43 -3.40

! Magnitudes Interpolated from data given by Gehrz and Ney (1972), Gehrz, Hackwell, and Jones (1974), Gebrz,

Graosdalen, and Hackwell (1992), and Gehrz and Ney (unpublished).

? The currently accepted convention is to derive zero points for magnitude scales by assuming that the infrared colors
© of Vega (o Lyr) and other "avernge" A0 stars are all equal to:aé,udtoarbitrarilydeﬁne%gntobenngnitudezem

atall infrared wavelengths (see Bessell and Brett 1988). Normalization betwesn systems can be made by comparing ths

magnitudes given for Vega, Magiitudes for Vega at 13.93 47 assume & negligible contribution from the debris disk in

the small beams typically used in ground-based photometry, .

Table 5: Magnitudes of Selected Faint Infrared Standard Stars Suitable for
Calibrating InSb JKLL'M Photometers and Imagers

Star Spectrum RA(1850)  5(1950) J H K L L M Relerence?
h m g O u (1.2 um) (1.6 yem) (2.2 um) (3.5 um) (3.8 um) (4.8 um)

HD 1160 AQ 0013231 403358 24 7060 7051 . 7.040 7.05 7.04 -

HD 2811 A3V 002853.0 352 58 7.178 7.093 7.067 7.040

L3

. - - 13

BS 696 B2 lae 0221431 4562304 5587 5499 $.443 5.37 5.3 §.31 L3
HD 19904 A4ILIV o3 08 49.1 -39 1424 6727 6.862 6.642 6.62 - - 1,3
HD 22686 A0 - 0336187 023607 7.196 7.190 7.185 7.20 .19 - 1,3
BS 1552 .B2Im 0448324 1053116 4029 4087 4.138 4.18 4.18 4.15 1,3
HD 38521 AQvV 0545410 -38145) 7572 7351 7.538 7.53 - . 3
HD 40335 A0 0555376 015109 @555 6473 6.452 6.43 6.43 6.41 1,3
BD+0°1694 K5 0652073 400 00 52 5.750 4857 4.608 443 443 - 1,4
HD 75223 A1V 08 45298 393654 7.3% 7206 7.281 7260 - - 1,3
HD 77281 A2 08 59 05.4 011645 7111 7.052 7.081 7.00 7.06 6.97 3
HD 284800 A2 0945359 44353 56 7592 7549 7.538 .55 .54 7.58 L3
HD 101452 A2 1137451 -385208 7018 6.890 6.848 6.81 - - L3
HD 106965 A2 1215240 +015110 7380 7337 7.316 7.30 7.34 730 1,3
HD 129655 A2 44110 021738 6826 6.724 6.692 6.67 6.68 - 1,3
HD 130163 A0V 44362 -394304 6.856 6.846 6.835 6.81 - - 13
HD 136754 A0 BIAUI 4243119 758 7.146 7.135 7.14 714 - 1,3
HD 161743 B9 IV 1745318 -380611 7.620 7.620 7.615 7.61 - - 2,3
HD 161903 A2 1745433 014734 7172 7059 7023 8.99 7.01 7.14 13
HD 162208 A0 1748207 4305040 7.203 7.141 7.112 7.09 7.14 712 1,3
BS 7773 BosV 2017535 125504 4.825 4859 4.859 4.86 4.86 - L3
HD 201941 A2 2110136 4022612 6.696 6.657 6.628 6.60 6.61 - 1,3
HD 205772 ASIV.V 2135336 11628 7.775 7.688 7.657 7.634 - . . 13
BS 8541 B9 Iab 22200 4491371 4.305 4267 4.235 423 4.2 4.22 L3
BS 8551 KOIIV 2225196  +04 2639 2956 2378 2.312 2.25 2.4 2.32 1,3

* 1) Walther 1996; 2) Elias ez al. 196; 3) speciral type from the Walther 1996; 7) spoctra] type from SIMBAD
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Table 6: Magnitudes of Selected UKIRT Faint
Infrared Standard Stars for Calibrating
JHK Photometers and Imagers

Star RA(I950)  6(19%0)  J i 74

A om s O "  (L2pm) (L6pm) (22pm)
FS 01 00 31 22.7 -122429 13.429 13.048 12.967
FS 02 0052360 4002658 10.713 10.504 10.466
FS03 010146.6 4035734 12.600 12.725 12.822

FS 04 015203.7 +002820 10.556 10.304 10.264
FS 05 0152047 070047 12335 12.340 12.342

FS06 022739.2 +050234 13.239 13.305 13.374
FS 07 0254472 4000633 1L105 10.977 10.940
FS08 0255120 +000404  7.547 8.184 8.313
FS 09 0255388 +005854  7.382 8.108 8.266
FS10 0346174 -010738 14.749 14.870 14.919
FS 11 0450254 -001934 1L354 11.294 11.278
FS 12 0549348 +155237 13.681 13.807 13.898

FS 13 554338 +000053 10517 10.182 10.135
FS 14 0721412 -002710 14.108 14.182 14.261

FS 15 084829 +115502 12778 12.420 12.360
FS 16 0848310 +120036 12971 12.669 12.631
FS 17 0848354 +120326 12.681 12.343 12.270
FS 19 1031145 -112608 13.565 13.654 13.796
FS 20 1105276 -045304 13.353 13.404 =~ 13473
FS21 1134276 +300435 12.948 13.031 13.132
FS 33 125435.1 +221808 14.017 14.162 14.240
__ Fs23 133025.7 +284459 12.997 12.446 12.374
FS 24 1437333 +001436 10.904 10.772 10.753
FS 25 153559.9 +002403 10.231 9.826 9.756
FS 26 1634263 002839 8.830 8.127 7.972
FS 27 163854.2 4362656 13.494 13.181 13.123
FS 35 1824445 4040117 12231 11.846 11.757

FS 34 2039419 201521 12819 12.919 12.989
FS 29 2149530 4020916 13.175 13.271 13.346
FS 30 223911.3 +005655 11.923 11.979 12.015
FS 31 2300504 4103046 13.798 13.919 14.039
FS 32 2313382 020658 13.459 13.576 13.664
Magnitudes [rom Casali and Hawarden 1992

¢ 0 ©

1.1.8.4. Infrared imaging

As far as is known, the dust emission from comet comae and tails probably conforms to the area covered by the
structures seen in visual light. It is merely the relatively low sensitivity of infrared detection systems that has preve.nted
extensive studies of the distribution of infrared emission in the outer coma and tails. The situation is changing. Until the
late 1980s, infrared images of extended sources such as comet comae and tails were constructed by scanning or point-wise
mapping with a single detector. Recent advances in solid-state technology have fostered the industrial development
of large-format infrared detector arrays of photoconductive and photovoltaic detectors suitable for the _low-b'a.ckgroupd
conditions attending high-resolution infrared spectroscopy and na_n'row-band infrared photometry. Sensitive, high-quality
In:Sb, As:Si, and Hg:Cd:Te array detectors are now widely available. They have formats of 16 x 64,_64 x 64, 128 x
128, and 256 x 256 pixels — and formats as large as 1024 x 1024 pixels are anticipated for the near-infrared in a few
years. The stable of available arrays can cover the 1- to 20-pm spectral region. Some are charge-coupled devices (CCDs),
but the best signal-to-noise is obtained with the Direct ReadOut (DRO) devices produced by the Aerojet Corporation,
Rockwell International, and Santa Barbara Research Corporation (SBRC). Most of the funding for the development of
these arrays came from military-related research funded by the United States’ Department of Defense, but NASA's Space
InfraRed Telescope Facility (SIRTF) Program has bad a substantial impact on the most recent infrared array detector
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innovations,

Tespect to the sun and earth, regardless of their distance from the nucleus, the percent polarization wil] be determined
only by the size distribution and optical constants of the grains, and by the Bas emission, The near-infrared covers the
range from almost pure scattering in the J ( 1.22-um) band to a combination of scattering and molecular-band emission in

intrinsic polarizations of fajn A-, F-, and G-type stars lying in the same direction in the sky, and whose interstellar
polarization component should be nearly zero,

1.1.3.8. Correctio:for atmospheric extinction

First-order corrections for atmospheric extinction are ordinarily applied to infrared Photometric measurements using
the re]ationship

airmass. Provided that observations are Mmade at altitude angles above abouyt 10°, the atmospheric path length can be
determined with sufficient accuracy by assuming that the atmosphere is 5 plane paralle] slab, so that 2 for an observation
at an altitude angle 6,;, is given by:




=

p i
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1.1.3.7. Normalization of photometric quantities for beam-size, throw, and distance

Comet comae and tails ordinarily have such a large angular extent that it is often mechanically impossible to throw
the reference beam far enough from the source so that it falls on completely blank sky. Therefore, the standard beam-
switching technique used for background cancellation also reduces the full signal that one would expect from a compact
source, centered in the source beam, by the residual amount that an extended source emits into the reference beam.
The reconstruction of the full source signal requires a detailed understanding of the surface brightness distribution of
the source. We describe here the correction factors applicable to measurements centered on the coma of a comet that
obeys the standard model (defined in section 1.1.2, above). The total emission from an optically-thin steady-state coma
into a beam or pixel with angular diameter ¢ is proportional to the number of coma grains intercepted by the beam.
We described this model in section 1.1.2, above, and concluded (see equation 14) that it leads to a ¢! dependence of
the coma brightness upon angular radius, and a A~! dependence of the coma brightness on geocentric distance. Thus,
it follows that the true intensity fo that would be measured in ¢ for a throw sufficiently large for the reference beam to
reach blank sky can be recovered from the apparent intensity, fy, observed in ¢ with a throw of angular distance 9 by

fo= | g (30)

The apparent intensities f; and f; measured in diaphragms with angular diameters ¢, and ¢, at geocentric distances
A; and A; are related by

fa= [::ﬁl]ﬂ (31)

Equations (30) and (31) are useful for normalizing measurements made at different times and /or with different detection
systems, so that brightness variations caused by the intrinsic activity of the comet nucleus can be evaluated.
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DESIGNATIONS OF RECENT COMETS

Listed below, for handy reference, are the last 30 comets to have been given designations in the new system. The name,
preceded by a star (x) if the comet was a new discovery (compared to a recovery from predictions of a previously-known
short-period comet). Also given are such values as the orbital period (in years) for periodic comets, date of perihelion,
T (month/date/year), and the perihelion distance (g, in AU). Four-digit numbers in the last column indicate the IAU
Circular (4-digit number) containing the discovery/recovery or permanent-number announcement. Not included below
are nine recently-discovered comets observed only with the ESA/NASA Solar and Heliospheric Observatory (SOBHO)
spacecraft that are presumed to be Kreuts sungrazers that are no longer in existence (JAUC 6653, 6669, 6676): C/1996
B3, C/1996 Q2, C/1996 Q3, C/1996 S3, C/1996 X1, C/1996 X2, C/1996 Y1, C/1997 B2, and C/1997 K1. [This list

updates that in the January 1997 issue, p. 52.]

New-Style Designation P T q IAUC
*  C/1995 Y1 (Hyakutake) 2/24/96 1.05 6279
*  P/1996 Al (Jedicke) 19.3  8/15/95 4.1 6287
*  C/1996 Bl (Szczepanski) 2/6/96 1.45 6296
*  C/1996 B2 (Hyakutake) 5/1/96  0.23 6209
*  C/1996 El1 (NEAT) 7/27/96 1.36 6341
125P/1996 F1 (Spacewatch) 5.6 7/14/96 1.54 6349
*x  C/1996 J1 (Evans-Drinkwater) 12/30/96  1.30 6397
*  C/1996 N1 (Brewington) 8/3/96 0.93 6428
*  P/1996 N2 (Elst-Pizarro) 5.6 4/18/96  2.63 6456
126P /1996 P1 (IRAS) 13.3 10/29/96 1.70 6446
*x  C/1996 P2 (Russell-Watson) 3/1/96 2.01 6448
*x  C/1996 Q1 (Tabur) 11/3/96  0.84 6455
*  C/1996 R1 (Hergenrother-Spahr) 8/29/96 1.90 6470
=  P/1996 R2 (Lagerkvist) 7.3 1/18/97 2.62 6473
* C/1996 R3 5/30/96 1.8 6564
127P /1996 S1 (Holt-Olmstead) 6.3 2/6/97 2.15 6475
128P/1996 S2 (Shoemaker-Holt 1) 9.5 11/20/97  3.05 6477
129P /1996 U1 (Shoemaker-Levy 3) 7.2 3/4/98 2.82 6494
= C/1997 A1 (NEAT) 6/19/97  3.16 6532
= P/1997 B1 (Kobayashi) 25.2 3/2/97 2.05 6553
* /1997 BAs (Spacewatch) . 11/26/99 34 6561
*  P/1997 C1 (Gehrels 17.4 1/29/96 3.6 6549
*+  C/1997 D1 (Mueller 10/11/97  2.25 6562
55P/1997 E1 (Tempel-Tuttle) 33.2  2/27/98  0.98 6579
=  P/1997 G1 (Montani) 21.8 4/26/97 4.2 6622
*  C/1997 G2 (Montani) 4/15/98 3.1 6626
130P/1997 H1 (McNaught-Hughes) 6.7 2/23/98 2.1 6640
*x  C/1997 J1 (Mueller) 5/3/97 23 6642
*  C/1997 J2 (Meunier-Dupouy) 3/9/98 3.0 6648
=  C/1997 H2 (SOHO) 5/2/97 0.14 6650
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Tabulation of Comet Observations

ERRORS AND PROBLEMS WITH CONTRIBUTED DATA

When a bright, well-observed comet such as C/1995 O1 (Hale-Bopr) comes along, many new observers suddenly
appear. Some will continue to observe other comets, and others will not be heard from again; a few may even become
among the best and most prolific observers of comets. So encouragement and help is often required, and this is one
purpose of the ICQ. ,

But your Editor has been overwhelmed with correspondence in recent months — not only because of the large
numbers of daily e-mail messages that each contain only 1 or 2 observations from a single observer, but also because
of the return e-mail necessitated by errors in the sending of data. If one takes a “file” to be all of the data sent by a
single contributor (whether an Observation Coordinator or a single observer) for a 3-month ICQ publication period, I
would guess that around 90 percent of all such “files” contributed by e-mail for the ICQ have problems. These problems
come in three ways: (a) column-formatting errors (where data are place in the wrong columns); (b) abbreviation/unit
errors (where the wrong key letters or the wrong units are used); and (c) outright errors in the actual data. I estimate
that roughly 50-60 percent of all such files actually have column-formatting errors, even from experienced contributors
— which means that the data are not being properly checked before sending to the JCQ. Corresponding with so many
contributors on so many problems is a huge reason why this issue is delayed by two months.

An especially big problem causing delays is that of the descriptive information; a quick perusal at the published
descriptive information in the iCQ should immediately suggest that there are standard ways of providing this information,
and yet many contributors ignore this fact. Descriptive information should be given chronologically, with the date spelled
out and abbreviated (Jan., Feb., Mar., Apr., May, June, July, Aug., Sept., Oct., Nov,, Dec.), with the year given for
the first observation only per comet, and with the date given to 0.01 date (UT) as with the tabulated data. A colon
then follows the date, with abbreviation standards along the lines of standard JCQ-coded abbrevations (see Keys in ICQ
Guide 1o Observing Comets and on ICQ Web pages). Information within each date by a single observer is separated by
comnmas, semi-colons, and parentheses, as appropriate (but never by periods, which indicate an end of the descriptive
information by that particular observer on that particular date). Each observation ends with the observer’s three-letter,
2-digit ICQ code given in square brackets, followed by a period. Start the next date of descriptive information on a
new line. Things not to include in descriptive information: limiting naked-eye stellar magnitude; observing location;
suspected faint tails, jets, and outer coma. Also, any tabulated information that lacks a magnitude estimate should only
be included as descriptive information, unless the other categories (coma diameter, DC, tail length, end position angle)
are all measured and available (if these four quantities are all available in the absence of m; data, it is permissable to
include them on one line as a tabulated observation).

Observation Coordinators (OCs) need to check and double check every byte of data sent to the ICQ. I have said
much about care and checking in the pages of the JCQ over the years, but this point can not be overstated: the quality
of the entire archive depends on carefully checking all of the data at every step, whether at the telescope or contributing
data to OCs or sending data to the JCQ. The number of simple errors that I find is alarming. This includes the wrong
designation, the wrong year, month, date, or fraction of a date; this includes reference codes that do not exist, blatantly-
wrong instrumentation (as with the 80-cm, 20x naked-eye data that I got recently), and wrong observer codes. We do
our best to catch the problems beforehand, both via visual inspection and automatic computer programs to scan the
data for obvious problems, with corrections made prior to publication both with and without consulting the contributors
(as deemed appropriate); but many mistakes do get through in published form, and both contributors to and users of
this archive need to be aware of this fact. Contributors need to understand that their efforts may be in vain if they do
not take the time and care to check data and sort out problems before sending observations to the ICQ.

PROPER USE OF KEY LETTERS/ABBREVIATIONS, AND NEW ADDITIONS TO THE KEYS

An example of a subtle problem appears in the pages of this issue, one that I caught in the course of preparing these
final pages for printing, therefore deciding to include the observations herein and remark on the problem: Under the
“Key to Magnitude Methods”, we have for some years listed the letter ‘G’, intended to indicated that eyeglasses were
used to defocus comet and/or comparison stars; however, this is not really a “method” and has now been moved to the
“Special Notes Key” (as we will probably do for a few more letters in the near future). One still needs to provide a
method when noting code ‘G’, and none of the corresponding observations in this issue do this properly; I elected to keep
the ‘G’ observations that appear in this issue because they were all made of C/1995 O1 when it was quite bright with a
rather small coma, meaning that I assume they were all made with the VBM method (code ‘B’).

In connection with this, I have also added a related special-notes code, ‘f’, which denotes the use of a single 50-mm
binocular lens to defocus the comet and comparison star, also used when C/1995 Ol was brighter than mag +1. Yet
another special-notes key, ‘%’, has been added to denote that a conversion was made for comparison stars from V to
visual magnitude, using the B-V color and either the formula by Howard and Bailey (1980, JBAA 90, 265) or that by
Stanton (1981, JAAVSO 10, 1), both of which are given in the first edition of the JCQ Guide to Observing Comets, page
65; when making such an application, the cited reference for comparison stars should also be used {meaning that really
only actual catalogues can be used, as opposed to charts with magnitudes inscribed thereon).
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With bright comets, some observers have attempted m, estimates visually either with camera lenses alone or a camera
lens attached to a camera (viewing the comet and comparison stars on the camera’s viewing screen); in such cases, for
the standard ICQ tabulation, use instrument code letter ‘A’ for camera lens and insert a ‘0’ (zero) under magnification,
so that columns 44-47 read ¢ 0°.

Again, time has not permitted observations contributed on paper to be entered into the computer; such observations
should appear in the July issue. — D. W. E. Green

Descriptive Information, to complement the Tabulated Data (all times UT):

© Comet 46P/Wirtanen = 1997 Feb. 25.73: possible outburst of ~ 0.7 mag [BAR06]. Mar. 1.77: clear enhancement
w/ Lumicon SB Filter [MEY]. Apr. 15.13: central cond. of mag 13.4 and dia. ~ 3"; coma, although strongly asymmetrical
toward p.a. 85°, gave only a slight hint of the possible beginning of a short, recognizable tail [ROQ].

© Comet 81P/Wild 2 = 1997 Jan. 13.16: extremely obvious object; strong cond.; faint outer coma opens towards
WNW, possible tail; T Cnc AAVSO seq. (1986); star of mag 4.7 some 20’ away [PERO1]. Jan. 15.02: comet easy, but
star of mag 4.7 some 10’ away; T Cnc AAVSO seq. (1986) [PERO1). Feb. 1.08: “sequence AAVSO U Gem (this applies to
all of my 81P obs.” [GRA04]. Feb. 3.03: U Gem AAVSO seq.; central cond. not as sharp as two weeks ago, yet still quite
strong, looking like a fuzzy star; tail pointing E suspected but not confirmed [PER01]. Feb. 3.49: w/ 25.4cm L (7T1x
comet appeared very condensed; fainter using Swan Band filter [SEA]. Feb. 3.97: coma opens towards W (i.e., sunwards);
comet close to star of mag 5.4; U Gem AAVSO seq. [PERO1]. Feb. 3.97: circular coma with prominent central cond.;
U Gem AAVSO seq. [VITO01]. Feb. 4.42: most light from a condensed central region of dia. ~ 2'; this appeared to be
surrounded by a fainter outer coma with a difficult-to-define boundary [SEA]. Feb. 5.47: comet near star; outer coma not
visible and inner region appeared very small [SEA]. Feb. 9.02: with MM = S, m, = 10.2; outer coma edges ill-defined;
looks more diffuse, still strong cond. but not so dominating; completely different from the relatively sharp-edged coma
plus strong starlike central cond. seen in previous obs.; U Gem AAVSO seq. [PERO1]. Feb. 9.96: coma edges ill-defined;
still nearly starlike central cond.; U Gem AAVSO seq [PERO1]. Feb. 10.91: photometry w/ 36-cm f/6.7 T + V filter +
CCD [MIK)]. Feb. 15.94: coma edges ill-defined; still 12th-mag, weak, nearly-starlike nucleus; moonlight, moon nearby; U
Gem AAVSO seq.; coma could be as large as 2!2 [PER01]. Feb. 27.94: U Gem AAVSO seq.; coma edges ill defined; very
faint, 13th-mag starlike nucleus; central cond. like a globular cluster superimposed on a large diffuse coma [PER01]. Mar.
1.86: w/ 0.33-m L, m, = 13.8 [SZE02]. Mar. 3.46: estimate influenced by nearby star; w/ 25.4-cm L (114x), elongation
or short tail in p.a. ~ 110°; central cond. did not appear as sharply defined as it had in early Feb. [SEA]. Mar. 3.88:
central cond. offset towards p.a. ~ 320°; fa -shaped outer coma suspected; U Gem AAVSO seq [PER01]. Mar. 9.83: w/
20-cm T (166x ), false nucleus of mag 13.5 in a well-condensed coma [KAMO1). Mar. 11.46 and 12.42: comet appeared
fainter through Swan-band filter on Mar. 12 [SEA]. Mar. 11.79: elongated coma [MEY]. Mar. 31.88: comet involved with
stars [PERO1 and VITO01). Apr. 1.80: at 230x, 8' dust tail in p.a. 75° [SARO02]. Apr. 1.85: disk-like inner coma dia.
3'5, fan-like outer coma dia. 6 [BARO6]. Apr. 7.88: comet involved w/ 12th-mag star [BOU]. Apr. 20.90: coma opens
towards ESE; very faint stellar pseudo-nucleus offset towards WNW; T Cnc AAVSO seq [PERO1)].

o Comet 109P/Swift-Tuttle — 1992 Nov. 27.78: w/ 10x50 B, m; = 4.8, 3' coma, DC = 7, 0°20 tail in p.a. 57°
[DOH]. 1862 Nov. 28.77: w/ 15-cm f/2 T (25x), 3' coma, DC = 5/, my = 4.8 (MM = S, 0925 tal in p.a. 556 [DOH].

¢ Comet 118P/Shoemaker-Levy 4 =—> 1997 Feb. 3.46: not seen using Swan Band filter [SEA].

o Comet C/1995 Ol (Hale-Bopp) => 1996 June 7.98: w/ 20-cm T (51x), my = 7.6 (Ref: S); at 225x, m; ~ 8.3
[NIEO1 = Detlev Niechoy, Goettingen, Germany]. June 9.03: w/ 20-cm T (170x), m; ~ 8.3 [NIEO1]. June 14.01: w/
20-em T (51x), my ~ 8.0 [NIEO1). June 15.01: w/ 20-cm T (51x), my = 7.8 [NIEO1]. July 15.98, 16.94, and 17.98: w/
10x50 B, my = 5.8, 5.5, and 5.7 (MM = S; Ref = PPM Star Catalogue, Roser and Bastian 1991, unacceptable for visual
magnitude work?; 20' coma, DC = 3 [MCK]. Aug. 2.82: w/ 25.4-cm T, comet appears extremely condensed, w/ coma
extending broadly towards the NNE [TAN02). Aug. 3.81: fanned eastward [TAN02]. Aug. 10.85: w/ 20x70 B, broad tail
0%6 long in p.a. 107° [TAN02]. Sept. 4.78: coma elongated toward the NE or NNE [TANO2). Sept. 6.78: coma elongated
toward E [TAN02]. Sept. 7.80: w/ 20x70 B, coma dia. 12/, DC = 5, coma fanned for 16 toward p.a. 50° [TANO02]. Sept.
30.79: w/ 20x70 B, tail 0°9 long in p.a. 71°; broad fan seen adjacent to the main tail, 04 long in p-a. 43° [TAN02]. Oct.
8.78: w/ 20x70 B, 1°2 tail in p.a. 70°; comet near 6th-mag star; bright appendage to tail, 0°9 long in p.a. 83° [TAN0Z2].
Oct. 16.45: three tails visible w/ a 20-cm f/9 L (45x) — 1°4 long in p.a. 50°-55°, 192 long in p.a. 85°-115°, and 40’
long in p.a. 85° [NAG04]. Nov. 4.41: four tails visible w/ a 20-cm f/9 L (45x) — 1925 long in p.a. 50°-55°, 1°1 long in
p.a. 95°-105°, 25’ long in p.a. 80°, and 40’ long in p.a. 100°-110° [NAG04]. Nov. 7.74: w/ 20x70 B, 1%4 tail in p.a. 72°
[TANO2]. Dec. 14.37: w/ 20.0 £/9 C (45x), coma dia. 311, DC = 7, tail ~ 2° long [NAGO4]

1987 Jan. 12.21: w/ 11x80 B, 05 tail in p.a. 78° [ELT). Jan. 16.27: w/ 13x60 B, my ~ 4.5 (ref = AA), 3 coma,
DC = 6, 095 tail in p.a. 345° [HEN]. Jan. 25.25: w/ 13x60 B, my ~ 4.0 (ref = AA) [HEN]. Jan. 26.84: broad dust tail,
190 long in p.a. 275° and 0°8 long in p.a. 25° [SHI]. Jan. 30.84: broad dust tail, 122 long in p.a. 265° and 0°3 long in
p.a. 10° [SHI].

Feb. 1.23: w/ 25.6-cm f/5 L (84x), stellar nucleus of mag 6.8; main jets between p.a. 160° and 240°, curving towards
p-a. 280°, w/ fainter narrow jet in p.a. 27° [BIV]. Feb. 1.23: “w/ 10x50 B, the m; refers the the bright, nearly-stellar
central cond. (this applies to all of my m, estimates w/ 10x50 B); the comet remained visible until the true solar alt.
was —5%97 (civil twilight); w/ 25.4-cm L (108x), central cond. was detectable until solar alt. —320” [GRA04]. Feb. 1.24
and 3.23: w/ 7x50 B, 15' coma, DC = 7/, 4° tail [SKI]. Feb. 2.22.2.23: w/ 10x50 B, tail was clearly seen for ~ 1°,
difficult after ~ 2°; there was also a shorter tail 0°5-1°0 long, oriented ~ 30° W of the main tail; the sunward part of
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Four drawings of comet C/1995 O1 (Hale-Bopp) in 1996. Clockwise from upper left: (1) Observation
by Martin Lehky (Hradec Krilové, Csech Republic) with 2 20-cm refractor at 140x on 1986 June 7.96; the
northward jet was some & long. (2) Stipple drawing by John E. Bortle (Stormville, NY) with 10x 50 and
20% 100 binoculars on Aug. 11.10. (8) Drawing by Bortle on Sept. 15.04 with a 41-cm reflector at 70x. (4)
Drawing by Bortle on 1996 Oct. 31.99 with a 4I-cm reflector at 70x.
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Above: drawings of C/1995 O1 by Richard Didick (code DID) with a 25-cm f/4.5 L at 46x on 1997 Jan,
12 (left) and at 162x on Jan. 29.43 (right); the Jan. 29 drawing shows a field 15 across, and west is to the

lower left. Below: stipple (left) and psendo-isophoto-contour (right) drawings of C/1995 O1 by John Bortle
(code BOR) from his visual observations with a 41-cm L (56x-114x ) on Jan. 29.44.
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Somet C/1995 01 (Hale-Bopp) [text continued from page 75] =—

: coma had a parabolic outline; observing somewhat hampered by clouds and twilight [GRA04]. Feb. 2.23: in 7x50
DC = 8; besides faint 3° gas tail in p.a. 330°, very complex, broad dust tail; most material in a fan spanning p.a.
3°-290°, but maybe extending as far as p.a. 240° (longest 1%4 in p.a. 315°) [BOU]. Feb. 2.49:

ail was fan-shaped, w/
: first ~ 1° of tail spanning p.a. ~ 330°-270°; the main tail component was distinctly yellow in color, and may have
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o Comet C/1995 O1 (Hale-Bopp) [text continued from page 77] =

extended beyond the 3° listed; in 7x50 B, the head was roughly parabolic in outline, w/ the near-stellar central cond.
offset slightly to the S side; moonlight [ADA03]. Feb. 3.13 and 5.14: w/ 8.0-cm f/10 R (40x), coma dia. 15.6-16', DC
= S7 [GERO01]. Feb. 3.17: w/ naked eye, second tail 2° long, visible as a faint fan [MANQ1]. Feb. 3.19: photometry w/
180-mm-f.l. f/2.8 lens + V filter + CCD; two YF standard stars inside the comet field used [MIK]. Feb. 3.20 and 4.21:
photometry w/ 90-mm-f.l. f/4 lens + V filter + ST-6 CCD; two YF standard stars inside the comet field used [MIK].
Feb. 3.90: diffuse dust tail in p.a. ~ 215°-320°, ion tail at least ~ 3° long in p.a. ~ 320°; w/ naked eye, straight tail ~
12° long in p.a. ~ 330° [MIK]. Feb. 3.20: second tail 096 in p.a. 300° [HORO02]. Feb. 3.23: w/ 7x50 B, 15’ coma, DC =
7/, 4° tail [SKI]. Feb. 4.14: w/ 12x80 B, several ray-like extensions 1°5-2° long visible in coma and tail [BARO6)]. Feb.
4.18, 7.21, 8.19, and 10.19: photometry w/ 180-mm-f.l. f/2.8 lens + V filter + CCD; one YF standard star inside the
comnet field used [MIK]. Feb. 4.21: diffuse dust tail in p.a. ~ 215°-320°, jon tail at least ~ 3° long in p.a. ~ 320° [MIK].
Feb. 4.23: w/ 7x50 B, tail was at least 4° long; coma was parabolic; several jets seen near the central cond., and the
central cond. and coma appeared yellowish against the bright morning sky; w/ naked eye, the comet was visible until
solar alt. was —6°9 [SKI]. Feb. 4.23: w/ 7x50 B, 15’ coma, DC = 7, 4° tail [SKI]. Feb. 4.72: evening obs.; alt, 6°; comet
was visible to naked eye [GRA04]. Feb. 4.88: image taken w/ 60-cm Y + CCD (two 5-sec exp. co-added) and enhanced
w/ rotational gradient filter shows three bright jets in p.a. 31°, 166°, and 209°, and two faint ones in p.a. 88° and 320°
NAKO1].

[ Feb.] 5.19: a N component to the tail is seen (123 long in p.a. 328°); w/ 20x70 B, two curving jets are seen issuing
from the ‘nucleus’ (the N one is 6’ long, while the other is 11" long) [TAN02]. Feb. 5.22: w/ naked eye, the comet was
visible until solar alt. was —6°9; w/ 7x50 B, 15' coma was parabolic, DC = 7/, 5° tail; the first 2° of the tail was
fan-shaped and relatively bright, the rest of it was faint [SKI]. Feb. 5.23-5.24: w/ 10x 50 B, the coma showed a parabolic
outline in sunward direction; there was no clear distinction between coma and tail (the ‘coma’ size has been measured
1 to radius vector and through the central cond.); the first part of the tail was broad and fan-shaped [GRA(4]. Feb.
6.19: N component to tail 129 long in p.a. 325°; the two jets seen yesterday are visible (the N one is shorter and barely
detectable; the S jet is very evident, measuring 21') [TANO2]. Feb. 6.22: w/ 10x50 B, the central cond. was bright and
nearly stellar (dia. < 1’); the coma had a parabolic outline towards the sun; tail bright for 1°, the rest being faint; w/
20.3-cm T (123x), two tail components were seen, the W part was strongly curved; in the central cond., there was a
bright jet directed towards p.a. ~ 250° (clearly curved, apparently towards the W tail); there was an obvious darkness
behind the inner coma and between the tail components [GRA04]. Feb. 6.22: w/ 7x50 B, 15’ coma, DC = 7/, 5° tail
[SKI]. Feb. 6.25: w/ 25.6-cm f/5 L (169x), stellar nucleus with bright material at 15” from p.a. 160° to 210°, giving a
¢?_]ike shape; bright jets in p.a. 30°, 160°, 180°, and 210° [BIV]. Feb. 7.12: second ‘dust’ tail 1° in p.a. 300° [PLS]. Feb.
7.20: w/ 9x63 B, broad dust tail ~ 120 long spanning p.a. 270°-330° and ion tail 325 long in p.a. 327°; central cond. of
mag ~ 4.5; w/ 9-cm T (56x), false nucleus of mag ~ 6 w/ a broad fan of bright material at p.a. 215° and a faint jet
at p.a. ~ 25°; immediately behind the false nucleus the brightness of the coma dropped significantly; coma resembled a
parabola [KAMO1]. ™ (text continued on next page) °

e 0 0

Below: drawing of comet C/1995 O1 by Richard Didick (Taunton, MA) with a 25-cm f/4.5 L (162%) on
1997 Feb. 13. West is to the lower left, and south is to the upper left.
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Abave: Drawings of C/1995 O1. At left is a sketch of the field seen in 7x 35 B by Margareta Westlund
(Uppsala, Sweden ) at daybreak on 1997 Feb. 17.19. At right is a drawing on Feb. 17.18 by Attila Késa-Kiss
(Salonta, Romania), from his view through a 6.3-cm Zeiss R (52x ).

o 0 0

© Comet C/1995 Q1 (Hale-Bopp) [text continued from page 78] =

Feb. 7.21, 8.19, and 10.19: V CCD imaging w/ 180-mm-f.1. /2.8 lens shows an ion tail at least ~ 3° long in p.a. ~
320° and a diffuse fan-like dust tail in p.a. ~ 240°-320° [MIK]. Feb. 7.22: w/ 7x50 B, the tail was quite bright for 3°,
certainly seen for 6°, and possibly visible to 7° [SKI]. Feb. 7.73: evening obs.; alt. 7°; w/ naked eye, comet was clearly
visible, and despite similar viewing conditions much easier than during evening obs. in late Jan.; w/ 10x50 B, the comet
was bluer and much brighter than nearby 7 Sge [GRA04]. Feb. 8.17: w/ 12x80 B, 35' coma, DC = Sg [BAROSG). Feb.
8.20: dust tail 1° in p.a. 280° [KYS]. Feb. 8.21: w/ naked eye, ¥ Sge was located close to the comet, but the objects
were clearly separated; w/ 7x50 B, 15’ coma, DC £ 7/, 7° tail [SKI]. Feb. 8.22: in 7x50 B, DC = 8; besides 5° gas tail
in p.a. 322°, very complex, broad dust tail; most material in a fan spanning p.a. 335°.275° (longest ~ 220 in p.a. 305°

[BOU]. Feb. 8.22-8.24: w/ 10x50 B, two tails were seen, one being 0°7 long in p.a. 276° w/ 20.3-cm T (123x), there
was a bright, fan-shaped jet directed from the bright central cond. at p.a. ~ 250° (its width was ~ 30° and }t was curved
towards the preceding tail component); a fainter and more diffuge Jet was seen at nearly the opposite direction (p.a. ~
60°); both tail components appeared strongly curved; there was an obvious darkness between the tail components (mean
p.a. of this dark area was 325°); the central cond. was very small, but not quite stellar; the comet formed a beautiful
pair w/ v Sge, though the comet was much bluer than this red-orange star [GRA04]. Feb. 8.74: evening obs.; alt, 5°5;
w/ 10x50 B, the surface brightnesses of inner coma (excluding the bright central cond.) and inner tail (at ~ 0°5 from
central cond.) were estimated as ~ 14.0 and 17.5 mag/arcsec?; as a comparison, the surface brightness of the central
region of M31 was estimated as ~ 19.5 ‘mag/arcsec?; comet was clearly visible to naked eye [GRA04]. Feb. 9.17: w/
12x80 B, star-like nucleus m, 5, fan-shaped dust tail more than 2° long in p.a. 300°-260° (brightest part in p.a. 290°)
[MANO1]. Feb. 9.19: excellent conditions; the dust tail is shorter but wider, and extends for 293 (its trailing edge points
toward p.a. 293°); a short (026) but very wide (spreading from p.a. 279° to 241°) fan is visible w/ averted vision; the
two jets seen in the last few days are again visible in 20x70 B — they curve upwards to form the tail; the S jet is lo t
and most distinct, extending for 22; also extending toward the SW is a wide and bright fountain [TANO2]. Feb. 9.26:
in 25.3-cm L (58x ), central cond. is a minute planetary-like disk near the resolution limit; from this disk emerges a very
bright, extremely prominent fountain, strongly curving anti-clockwise into the tail; the coma has a distinct blue tint; the
shape is somewhere between parabolic and pear-shapped; a bright envelope includes the fountain on its W side, the inner
border of this envelope being sharply defined and passing through the false-nucleus; just inside of this envelope, there is
a striking ‘hollow’; the 2'-3’ fountain leaving the nucleus to the SW was still visible ~ 15 min before sunrise; the nucleus
was lost 1 or 2 min before sunrise (at sunrise, v Sge at m, ~ 3.5 was still easy); with 9x34 B, DC = 8, parabolic hollow
tail spanning p.a. 280°-335°; central cond. like a fuzzy star near focus of parabola [PERO1]. Feb. 9.26: in 25.3-cm L /5.6
(58x), a bright prominent fountain (initially to the WSW) was present, curving anti-clockwise back into the tail; both
the fountain and the falge-nucleus, were distinctly blue colored; this false nucleus looked like a very bright small disk with
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o Comet C/1995 O1 (Hale-Bopp) [text continued from page 79] ==

well-defined limits; the coma had a near-parabolic shape and showed a slightly brighter zone (or envelope) surrounding
and including the fountain and the false nucleus; a large teardrop-shaped area inside the coma was very dark (the outline
of this area was quite contrasting, grazing the false-nucleus and the curved fountain); the dark area, though gradually
not so well-defined, continues through the tail, making its outer parts seem more prominent [VITO1]. Feb. 8.74: evening
obs.; alt. 6°; mag uncertain due to thin clouds, some auroral light, and corrections for extinction; w/ 7x50 B, DC = 8,
1°5 tail [SKI]. Feb. 9.84: w/ 8x56 B, coma dia. 17/, DC = 8, tail > 5° long [OKA05]. Feb. 9.87: image taken w/ 60-cm
Y + CCD (two 3-sec exp. co-added) and enhanced w/ rotational gradient filter shows three bright jets in p.a. 31°, 171°,
and 219°, and two faint ones in p.a. 92° and 315° [NAKO1].

Feb. 10.18: excellent conditions; the tail looks essentially the same as on Feb. 9; the dust tail extends for 293, w/
its S edge now pointing toward p.a. 280°; the short fan is less pronounced today; the jets on both sides of the ‘nucleus’
give a ‘U’ shape to the coma; the S jet is 025 long RTANO2]. Feb. 10.24: quite bright sky in nautical twilight (solar
alt. —11°6); w/ naked eye, comet was visible until solar alt. —6°3; w/ 7x50 B, 15’ coma, DC = 7/, 2° tail [SKI]. Feb.
10.26: in 25.3-cm L f/5.6 (58x), the fountain seemed not so strongly curved than in previous obs.; next to central cond.,
there was clearly a small bright ‘spot’ towards N-NE; coma brightness definitely asymmetric, as a brighter zone incl. the
fountain and the first deg/minutes of tail on its W side; in 9x34 B, the coma showed a very narrow parabolic shape, the
central cond. being slightly offset towards SW; DC = 7; slight green tint [VIT01]. Feb. 11.18: w/ naked eye, 8° tail in

.a. 312° the dust taﬁ is best seen w/ 12x50 B and measures 4° in length (its trailing edge points toward p.a. 288°)
TANO02). Feb. 11.21: poor sky w/ heavy cloud; w/ 10x50 B, DC = 7, 2° tail in p.a. 318° [GRA04]. Feb. 11.21: in
7x50 B, DC = 7-8; besides 595 gas tail in p.a. 318°, broad dust tail spanning p.a. 325°-275° (longest ~ 1°7 in p.a. 300°)
[BOU]. Feb. 11.74: evening obs.; alt. 525; comet clearly visible to naked eye [GRA04]. Feb. 11.74: evening obs.; alt. 6°;
comet was clearly brighter and easier to see than two evenings ago; w/ 7x50 B, DC = 7/, 3° tail [SKI]. Feb. 11.79: w/
20x125 B, coma dia. 20, DC = 8, tail 0% long in p.a. 310° [TOY]. Feb. 11.82: broad dust tail, 1°5 long in p.a. 280°
and 0°8 long in p.a. 330° [SHI]. Feb. 12.06: w/ 1l1-cm L (32x), m, ~ 6 [IVA03]. Feb. 12.16: w/ 6.7-cm f/1.8 A, 1-min
exp. on 100 ASA film shows narrow tail 326 long in p.a. 324° and second fan-like tail 290 long spanning p.a. 320°-300°
[FILO5]. Feb. 12.18: dust tail stretches for 3° in p.a. 288°; ion tail glimpsed momentarily w/ the naked eye; the S jet is
very evident; it seems to be the main source of the dust tail; obs. made through gaps in the clouds [TAN(2]. Feb. 12.20:

[ ]

Below: drawing of comet C/1995 O1 by Atilla Kose-Kiss (code KOS) on 1997 Feb. 17.18, uﬁng 7x 50 B.
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Above: Drawings of C/1995 O1. At left is a sketch of the fleld seen visually in a 25-cm f/4 L (44x) on
1997 Feb. 20.43 by Danie] W. E. Green from Middlesex County, MA; intensely bright jets emanated from
the nuclear region into a very yellowish side of the coma (upwazd in this view), whereas the coma below the
ruclens in this view (from whence the ion tail ran) was very blue in color. Ar right is & drawing by Atilla
Kdsa-Kiss made on Feb. 23.17 w/ a 6.3-cm Zeiss R (52x ).
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Jomet C/1995 O1 (Hale-Bopp) [text continued from page 80] ==

7x50 B, dia. 15"-2¢'; the tail was divided in two parts near the coma, the length and p.a. referring to the long and
te narrow gas component; the W tail appeared somewhat curved and ended in a fainter glow towards W (mean p.a.
280°); w/ 10.2-cm R (60x), coma was clearly shaped like a parabola; 2 broad jet was radiating towards W from the
e nucleus [SKI). Feb. 12.21: w/ 20.3-cm T (123x), the comet showed two tail components, the inner part of the W
| appearing slightly brighter than the inner portion of the E component; in the heart of comet, there was a bri;ht false
deus that looked like a short streak ~ 5” long, oriented along p.a. ~ 60°-240°; a bright and wide fountain (1'-2' long
| spanning ~ 40° in p.a.) was radiating from this nucleus in mean p.a. ~ 230°; it curved towards the W tail; the N
indary of the fountain was considerably sharper than on the S side [GRA04]. Feb. 12.74: evening obs.; alt. 625; comet
ily visible to naked eye as a diffuse star, its visibility comparable to mag-3 stars overhead [GRA04]. Feb. 13.20: thin
1ds in front of comet; w/ 7x50 B, DC = 7/, 3° tail [SKI]. Feb. 13.23: w/ 10x50 B, tail 6° long [HAS02]. Feb. 14.18:
7x50 B, 297 tail in p.a. 288° [SHA02]. Feb. 14.24: w/ 9x63 B, 1275 tail [ENT). Feb. 14.83: w/ 8x56 B, coma dia.
DC = 8, tail 5° long [OKA05]. Feb. 14.84: 4° dust tail in p.a. 285°, 3° long in p.a. 315° [SHI].

Feb. 15.13-15.15: w/ 10x50 B, two tail components were seen, one being 1%5 long in p.a. 290°; the surface brightness
be inner portion of tail (at ~ 025 from coma, before the splitting of the tails) was estimated as 17.7 mag/arcsec?;
25.4-cm L (108x), in the bright central cond., there were two cond. separated by ~ 3"; a bright and wide fountain
iated W from the central cond. and curved apparently towards the dust tail; some interference from clouds; temp.
1> C [GRA04]. Feb. 15.17: w/ 1l-cm L (50x), strong nuclear cond. and very bright fountain w/ two or three jets
ting SW of the false nucleus and curving counter-clockwise towards dust tail; several other nearly-straight jets in
ous directions [BAR0G]. Feb. 15.17: w/ naked eye, 2° tail in p.a. 204° [SHAQ2]. Feb. 15.18: dust tail is wide and
nds for 425; its trailing edge points toward p.a. 277° [TAN02]. Feb. 15.24: w/ naked eye, 3° tail in p.a. 294° [SHA02).
+ 15.25: w/ 25.6-cm f/5 L (169x), stellar nucleus w/ a new shell of bright material at 15" from p.a. 200° to 240°;
tal (2-4) condensations are seen on the jets, every 15”-20” gp.a.. 35°, 75°-90°, 150°, 165°, and 200°-240°), which seem
ppear every 8- days [BIV). Feb. 15.74: evening obe.; alt. 8% w/ 7x50 B, DC = 7/, 3° tail [SKI]. Feb. 15.77: evening
in moonlight; alt. 5° [GRA04]. Feb. 16.18-16.19: w/ 10x50 B, two tails were seen, one being 2?5 long in p.a. 280°;
W dust component was broader and more diffuse than the gas tail and was quite bright for ~ 2°; it apparently
ed slightly towards S; the gas tail was clearly seen for 6°, but the rest of it was difficult due to the Milky Way
iground in Cyg (width 025-1°); the surface brightness of the merged tail at ~ 0°5 from central cond. was estimated
7.6 mag/arcsec?; the tails separated at ~ 0°8 from the central cond.; temp —~22° C [GRAO4]. Feb. 16.19: w/ 7x50
)C = 7/, tail 8° long in p.a. 319°; two tail components were seen; the W dust tail had a somewhat higher surface
htness and was easier to detect to the naked eye than the longer ion tail; several streamers were seen; the ion tail
clearly seen for 5°-6°, the rest of it was faint; air temp at observing site was —20° C [SKI]. Feb. 16.19: second ‘dust’
7° in p.a. 315° [ZNO]. Feb. 16.19: 4°2 ion tail in p.a. 315°; 1°2 dust tail in p.a. 300° [VANO6). Feb. 16.21, 19.20,
. 2.19, 28.82, 30.82, Apr. 1.82, and 6.84: tab. tails are apparently gas tail; respective dust tail engths and position
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o Comet C/1995 O1 (Hale-Bopp) [text continued from page 81] =

angles were ~ 3° in 280°, 2° in 295°, 10° in 320°, 8° in 0°, 14° in 0°, 12° in 345°, and 16° in 355° [GLI]. Feb. 16.83:
w/ 8x56 B, coma dia. 17, DC = 9, tail 1° long [OKA05]. Feb. 17.18-Apr. 17.80: “naked-eye brightness estimation
done using a doublet achromat of focal length 36 cm (and in some cases, another doublet w/ a focal length of 30 cm);
on Mar. 9.75 and Apr. 8.77, I employed the VSS and Morris methods w/ the help of these same lenses for defocusing
images; for C/1996 B2 last year, I used a doublet w/ focal length 18 cm” [MIL02]. Feb. 17.24: to the naked eye, also
dust tail ~ 4°5 long near p.a. 290°; comparison basically w/ a Cyg + v Cyg; a Aql and o Cep also used, but too far
from the comet’s alt. (~ 20°); in 9x34 B, parabolic tail over 4° spanning p.a. 290°-310°; W side of tail much brighter;
parabolic envelope; a strongly-curved fountain p.a. ~ 260° is seen bending back into the tail; dark spine clearly offset
towards the E part of the tail; in 25.3-cm L f/5.6 (58 ), strongly-curved fountain initially spanning p.a. ~ 170°-210°
close to the starlike nucleus, then bending back towards the tail, along p.a. ~ 290°; parabolic ‘hollow’ inside the tail,
touching the nucleus; two hoods are seen, one involving the curved fountain, the other one (fainter) involves the former,
but begins towards the NE, then strongly bends counter-clockwise through the sunward part of the coma, to follow the
W part of the tail; thin cirrostratus likely to have interfered; m; = 1.7 w/ 1.4x35 monocular; w/ a divergent lens used,
an in-focus estimate yields m; = 1.7 [PERO1]. Feb. 18.16: dust tail 1°4 long in p.a. 305° [KOZ]. Feb. 18.17: second tail
325 in p.a. 205° [EOR02]. Feb. 18.18: second ‘dust’ tail 2° in p.a. 295° [PLS]. Feb. 18.195: wide-field 5-min exp. taken
w/ 3.5/65-mm lens, CCD, and narrow-band H;O" filter, centered at 620 nm (FWHM = 10 nm) shows ion tail at least
7° long in p.a. ~ 315° [MIK]. Feb. 18.20: 393 ion tail; 123 dust tail in p.a. 315° [VAN06). Feb. 18.85: tail spans p.a.
260°-310° [MIY01}. Feb. 19.13: w/ 8-cm R (28x), second fan tail ~ 2° long spanning p.a. 250°-300°; w/ 8-cm R (40x),
fan spans p.a. 300°-270°; star-like nucleus brighter than mag 5 [MANO1]. Feb. 19.14: narrow tail is 795 long in p.a. 325°,
second fan-like tail 2°0 long spans p.a. 315°-300° [FIL05). Feb. 19.16: bluish ion tail is 6° long in p.a. 313°, yellowish
fan-like dust tail 1?8 long spans p.a. 272°-302°, dust tail is brighter than ion tail; w/ 12x80 B, 30’ coma, tail 6° long in
p-a. 313° [BARO6]. Feb. 19.84: w/ 10x50 B, coma dia. 9, DC = 9, tail 3° long [OKA05). Feb. 19.85: tail spans p.a.
260°-300° [MIYO01]. Feb. 19.85: w/ 7x35 B, coma dia. 25’, DC = 7, tail 6° long [WAS].

Feb. 20.20: in 7x50 B, DC = 8; besides 6° gas tail in p.a. 320°, broad (slightly curved) dust tail spanning p.a.
320°-283° (longest 294 in p.a. 296°); moon 4° over NW horison [BOU]. Feb. 20.23: w/ 7x50 B, 2° tail in p.a. 302°
[SHA02]. Feb. 20.24: w/ 9x63 B, m; = 1.7 (SMM = §), 30’ coma, DC = D7, 225 tail [LAN03]. Feb. 20.4 and 24.4: w/
25-cm f/4 L at low power, bright jets toward SE are in very yellowish coma, whereas the coma on the NE side of the
nucleus shows a faint but deep blue color; the SE jets are easily visible in 12x50 B; for all subsequent naked-eye m,
estimates of this comet utilizing comparison stars where m, differed from V by > 0.1 mag, corrections were made on
page 74 of this issue (last paragraph) [GRE]. Feb. 20.75: evening obs.; alt. 95; w/ 10x50 B, two tails seen (one being
195 long in p.a. 320°); the W dust tail was easier to detect than the gas component [GRA04]. Feb. 20.76: evening obs.;
alt. 8°; listed tail lengths refer to the dust tail; w/ 7x50 B, DC = 7/, tail 3° long; w/ naked eye, the comet was first
located w/ solar alt. —623 [SKI]. Feb. 20.83: dust tail 2°7 long in p.a. 275° and 1°8 long in p.a. 320° [SHI]. Feb. 20.84:
w/ 10x50 B, coma dia. 9', DC = 8, tail 2° long [OKA05].  (text continued on next page)
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Below: drawings of comet C/1995 Ol, oriented so that west is toward the upper right and north toward
the upper left. At left is & drawing by Richard Didick on 1997 Feb. 23, as seer through his 25-cm f/4.5 L
(127x). At center is a sketch by Danie]l W+ E. Green on Feb. 24.43 with his 25.4-cm f/4 L (44x ), in which
two bright jets were seen, and the right side of the coma in this view was very yellowish (toward which the
dust tail ran), while the left side of the coma was very bluish (toward which the ion tail ran). At right is a
drawing by Sandro Beroni (Milan, Italy), made using 20x 80 B on Feb. 23.20; the line indicates 20’
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Above: Drawings of comet C/1985 O1 by Margareta Westlund as seen with 7x35 B on 1997 Mar. 3.81
(left) and 10.12 (right).
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o Comet C/1995 Ot(Hale-Bopp) [text continued from page 82] =

Feb. 21.20 and 22.18: photometry w/ 90-mm-£f1. f/4 lens + V filter + ST-6 CCD; one YF standard star inside the comet
field used for photometry [MIK]. Feb. 21.20: ion tail at least ~ 5° long in p.a. ~ 320° diffuse dust tail ~ 3° long in p.a.
~ 250°-320° [MIK]. Feb. 21.20: w/ naked eye, the listed tail refer to the dust tail; gas tail glimpsed for a couple of deg;
despite a nearly full moon, parts of the Milky Way were visible in Cyg; w/ 7x50 B, coma dia. ~ 15', DC = 7/, and the
gas tail was visible for over 5°, but the surface brightness of the dust tail was higher near the head of the comet; the p.a.
of the dust tail was ~ 300° [SKI]. Peb. 21.83: w/ L 56 B, coma dia. 8/, DC = 9, tail 3° long [OKA05]. Feb. 22.21: w
7x50 B, 2° tail in p.a. 327° [SHA02]. Feb. 23.69: obs. in the evening sky; w/ naked eye, coma dia. ~ 30’, DC = 5 [KUS].
Feb. 23.75: evening obs.; alt. 12°% comet was only observable for a couple of min, due to rapidly drifting clouds (first
detected w/ the naked eye under better skies w/ solar alt. —6°0) [SKI]. Feb. 24.51: central cond. of mag 7.1 and dia.
almost 5”; although the tail, as tab., extended to the CCD frame edge, its major fan-shaped form was readily followed for
at least 3° using binoc.; prominent, diffuse jets imaged at p.a. 23° and 67° through Kron-Cousins filters at wavelengths
650 (R), 550 (Y), and 440 nm (B), where they maintained approx. equal relative intensities in all three bands [ROQ).
Feb. 24.84: brightest part of dust tail 4° long in p.a. 285° [SHI].

Feb. 25.21: w/ naked eye, 295 tail in p.a. 293° [SHA02). Feb. 25.83: dust tail in p.a. 270°-305°, brightest part in
p-2. 205° (6° long) [SHI). Feb. 26.14-26.15: w/ naked eye, the comet was a prominent object w/ a nearly-stellar head
and a clearly visible dust tail; w/ 10x50 B, two tails were seen (one being 3°5 long in p.a. 290°); the E ion tail was the
longer one, but until 2° from the head, the dust tail was clearly brighter than the gas tail; a distinct jet, ~ 1° long, was
seen in the middle of the dust tail; w/ 20.3-cm T (123x), there was a nearly-stellar peeudo-nucleus, not more than 3" in
sige, in the head of comet; a bright, wide fountain was radiating from this nucleus in P-a. 175°-245° (the fountain curved
strongly towards the jet in the dust tail); a lot of detail seen in and near the fountain, incl. several small dark knots and
rifts; the head showed a distinct golden yellow hue, w/ nearby star HR 8084 (spectral type F7) considerably bluer; first
morning obs. since Feb. 16 after an extended period w/ poor weather [GRA04]. Feb. 26.17: w/ 8x50 B, 28’ coma, DC
= 7, 2°3 tail [DIE02]. Feb. 26.19: w/ 7x50 B, two tails were seen; the E gas tail was visible for 5° unt] it disap
behind a cloud layer; surface brightness of dust tail was higher than that of the gas tail, this tail was also visible to the
naked eye; interference from clouds [SKI]. Feb. 26.26: w/ 8x30 B, 14’ coma, DC = 8, 2° tail [ENT]. Feb. 26.78: evening
obs.; alt. 1025; heavy cloud (even stil), the dust tail was clearly seen for 2°) [GRAO4]. Feb. 27.15-27.19: w/ naked eye,
the comet showed a bright and nearly-stellar head and an easily visible tail; w/ 10x50 B, two tails were seen (one being
3° long in p.a. 239°); the W dust tail curved towards S and was considerably brighter than the gas tail until 2° from
the head; the mean surface brightness of the dust tail estimated as 16.4 mag/arcsec? at 0%5, and 16.9 mag/arcsec? at
1°0 from the nucleus; ion tail clearly visible to 7° from the head (width ~ 0°8); in the dust tail, there was a Jjet ~ 028
long; w/ 20.3-cm T (123x), the pseudo-nucleus Was small, but nonstellar; it looked like a bar that was ~ 4" long and
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directed along p.a. 5°-185° from this nucleus, there was a bright fountain, ~ 1’ long and spanning p.a. 155°-225° (in
this fountain, there were two dark rifts located ~ 15” and ~ 30" from the nucleus; the surface brightness of the fountain
was 14.3 mag/arcsec?); the head of the comet was yellow and bluer than the K5-star HR 8005; in moonlight, Milky Way
faintly visible [GRAQ4]. Feb. 27.16: second tail 5° in p.a. 285° [HOR02]. Feb. 27.19: second tail 2°2 in p.a. 290° [PLS].
Feb. 28.05: w/ 11-em L (32x), mz ~ 5.3 [IVA03]. Feb. 28.16: w/ 11x80 B, coma dia. 15’ and 3°5 tail in p.a. 310° [STO).
Feb. 28.16: w/ 9x63 B, ion tail displayed at at least two bright streamers; bright dust tail 3° long centered at p.a. 290°
and spanning ~ 30°% tail > 5° long in p.a. 307°% DC = S8; extremely bright central cond.; obs. under severe moonlight
[KAMO1]. Feb. 28.19: ion tail at least ~ 5° long in p.a. ~ 325° dust tail at least 3° long in p.a. ~ 260°-305° [MIK].
Feb. 28.19: in 7x50 B, DC = 8; besides 625 gas tail in p.a. 322°, slightly-curved dust tail (longest 323 in p.a. 303°); very
strong nuclear cond. of slightly yellowish color; comet impressive despite moonlight [BOU). Feb. 28.20: w/ 8x30 B, 2°
tail [ENT]. Feb. 28.73: w/ 80x12 (B), ion tail 12° long and dust tail 4° long; shadow between two tails [BAROS).

1997 Mar. 1, 3, 9 and 10: three shells near the cometary nucleus were observed w/ 0.7-m L; on Mar. 3.14, distances
of shells from nucleus were: 2nd shell, 7"; 3rd shell, 9" (diameters of shells were 22" and 25"”) [CHU]. Mar. 1.17: dust
tail 4° in p.a. 305° [KYS]. Mar. 1.18: dust tail 2° in p.a. 305° [KYS]. Mar. 1.19: in 7x50 B, DC = 8; besides 626 gas
tail in p.a. 324°, broad slightly-curved dust tail spans p.a. 283°-307° (longest 420 in p.a. 299°); w/ 15x80 B and 0.16-m
L (at 29x, 102x), broad fountain-like structure visible in p.a. ~ 220°, curving back (anti-clockwise) into the main tail
and forming bright streamer some 125 long near the N side of the tail in p.a. 305°; very strong central cond., yellowish
in color [BOU]. Mar. 1.19: w/ 7x50 B, 26" coma, DC = 7, 4° tail [DIE02]. Mar. 1.22: w/ 9x63 B, 3° tail [ENT]. Mar.
1.22-1.23: to the naked eye, besides the 9° gas tail near p.a. 320°, there is also a broad, slightly curved clockwise 7° dust
tail spanning p.a. ~ 280°-305°; strong disk-like central cond.; in 9x 34 B, conspicuous fountain, initially to the SW, then
strongly bending anti-clockwise into the dust tail; a prominent streamer flowing from the nucleus along p.a. ~ 280° can
be traced for at least 2° into the dust tail; there is a dark area very close to the nucleus, and between the N edge of the
fountain and this streamer; gas tail is less well defined and fainter than the dust tail; dark spine separating the two tails
clearly offset towards the gas tail (i.e., to the NE of two tails’ axes); in 25.3-cmn f/5.6 L (58x), even at such low power,
the inner-coma structure is extremely complex and intricate; non-stellar nucleus, just above the resolution limit; huge
fountain spanning p.a. ~ 160°-220° near-nucleus, now presenting sharp inner detail; four plumes, two on each side of the
giant fountain, plus a bright cloud of material in a short circular arc (separated from the fountain, and towards p.a. ~
100°, some 30"-60” from the nucleus), all combine to give the impression of two concentric layers, estimated at ~ 30"
intervals; the dark ‘hollow’ tailwards of the pseudo-nucleus is much less pronunced and rather narrow-shaped now; the
coma is strikingly asymmetric in brightness; the thick large stream of material in the continuation of the fountain makes
the whole ‘trailing’ side of the coma look markedly brighter than the ‘leading’ edge, the transition being quite dramatic
through p.a. ~ 120°_from the nucleus; this gives the coma an almost-dichotomous phase aspect; the gas tail looks less
defined; obs. made through a veil of cirrostratus, thought to have not affected m, significantly (i.e., estimates made at
times when the veil was looking homogeneous, both at the comp. stars and at the cometg; w/ 1.4x35 monocular, m;
= +0.2 [PER01]. Mar. 2.07: w/ 1l-em L (32x), m; = 5.3 [IVA03]. Mar. 2.09: w/ 7x50 B, dust tail 7° long in p.a.
310° [VELO3]. Mar. 2.14: second tail 5° in p.a. 285° [HOR02]. Mar. 2.16: w/ naked eye, dust tail 8° long in p.a. 310°;
m; = 1.8 [SAR02]. Mar. 2.16: dust tail 9° long in p.a. 310° [SZE02). Mar. 2.17: ion tail at least ~ 5° long in p.a. ~
323°; dust tail at least 3° in p.a. ~ 260-305° [MIK]. Mar. 2.17: curved dust tail 298 long [MEY]. Mar. 2.19: 4°8 ion
tail in p.a. 325° 2°6 dust tail in p.a. 290° [VAN06]. Mar. 2.45: w/ naked eye, 4° gas tail at p.a. 326°, and broad 3°
dust tail spanning p.a. 285°-310° in 7x50 B, the gas tail was traced to ~ 525 and it curved slightly counter-clockwise
to ~ p.a. 330°%; there was a dark lane w/ a spine-like tip separating the two tails; the central cond. was an elongated
disk w/ axis pointing in p.a. ~ 285°, and w/ a bright streamer extending from the nucleus ~ 1° into the dust tail at
p.-a. ~ 305°; the gas tail and NE side of the coma had a definite bluish tint, giving way to a yellow color on the other
side of the coma and into the dust tail [ADAQ3]. Mar. 2.67: “w/ 4-inch R, hoods are fabulous, like luminous arcs or
interference patterns just like George Bond’s drawings of comet Donati in 1858; jets form a 30° wedge, w/in which are
three parabolic hoods that appear to be illuminated as w/ a flashlight beam only w/in this 30° wedge!; outside of this
wedge, the hoods are much fainter” [OME]. Mar. 3.10: dust tail 295 long in p.a. 305° [KOZ]. Mar. 3.11: w/ naked eye, 5°
tail in p.a. 310° [SHA02]. Mar. 3.17: also dust tail 427 long in p.a. 300° [BOU]. Mar. 3.23: w/ 8x30 B, 225 tail [ENT].
Mar. 3.6: “nuclear cond. of C/1995 Ol was still easily visible well after sunrise at Apache Point Observatory, as viewed
w/ the 60-cm Sloan Digital Sky Survey “Monitor Telescope’ and a 55-mm eyepiece; three concentric shell fragments and a
huge jet, which had been visible around the nucleus in dawn twilight, were astounding!” [John W. Briggs, Apache Point
Observatory, Sunspot, NM]. Mar. 4.06: w/ 11-cm L (50x), two bright and one faint shells, w/ best visibility towards
fountain in the SW quadrant from the false nucleus; bright narrow jet 3’ long sunward; w/ naked-eye, ion tail 15° long
was blue in color and dust tail 6° long in p.a. 270-298 was yellow; coma had bluish color [BAR06]. Mar. 4.08: w/ 7x50
B, dust tail 5° long in p.a. 300° [VEL03]. Mar. 4.18: also slightly-curved dust tail 520 long in p.a. 304° [BOU]. Mar.
4.23: to the naked eye, 12°-long, broad, slightly-curved dust tail spanning p.a. ~ 290°-310°; also 11° gas tail near p.a.
325° comet looks more diffuse; in 9x34 B, nearly-parabolic edges less well defined; gas tail near p.a. 310° much fainter
than dust tail that spans p.a. 280°-300°; nearly-stellar nucleus; strongly-curved fountain, initially towards p.a. ~ 240°,
seems to be feeding the trailing edge of a bright streamer inside the dust tail along p.a. ~ 295°; this streamer now looks
much broader than in previous obs., the leading edge leaving the nucleus tailwards, almost w/o bending; dark spine
offset towards the gas tail; overall, the comet resembles a ‘hockey stick’ surrounded by a fainter parabolic envelope; in
25.3-cm /5.6 L (58x), dust tail much brighter than gas tail; dark area tailwards of the nucleus not so conspicuous, more
contrasty near the inner edge of the dust tail; three hoods spanning p.a. ~ 135°-260° inside huge fountain, spaced by
roughly 0’5 difference, surround the nucleus; a bright jet (like a narrow 20° open fan) is centered near p.a. 200° inside
a broad fountain, extending ~ 0'2 from the nucleus; another weaker fountain-like structure leaves the nucleus towards
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Above: Three sketches of the coma of comet C/1995 O1 by Daniel W, E. Green, showing the dust ‘hoods’
or ‘haloes’ emanating from the nuclear region. In each view, the yellowish dust tail (and coma) is above the
nuclear region, and the bluish jon tail (and coma) is below. From left to right, the drawings were made at
the telescope on 1997 Mar. 7.42 (25.4-cm f/4 L, 44x and 64x ), Mar. 9.38 (81-cm f/4¢ L, 100x ), and Mar.
13.98 (23-cm f/12 R, 86x ).
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P-2. ~ 120°, then strongly bends counter-clockwige through the sunward coma to join the trailing edge of the comet; as
twilight advanced, the nucleus became separated from the bright jet, nevertheless remaining non-stellar just above the
resolution limit, its dia. estimated as < 3" ; W/ L, the brighter inner hood remained visible up until 15 min before sunrise
(PERO1]. Mar. 4.23: also 8° gas tail near p.2. 325° [VIT01]. Mar. 4.26: w/ 10x50 B, 1°4 tail in p.a. 298° [TAY]. Mar.
4.80: brightest part of dust tail in p.a. 285° (5° long) [SHI). Mar. 4.82: tail spans p-a. 295°-325° [MIY01].

Mar. 5.06: shells are wider than on day before (BARO6]. Mar. 5.14: dust tail 25 long in p.a. 309° [KOZ]. Mar. 5.14
and 8.13: dust tail 425 long [MEY]. Mar. 5.15: second tail 10° in p.a. 285° [HOR02]. Mar. 5.16: second tail 6° in p.a.
300° [PLS]. Mar. 5.17: also slightly curved dust tail 5°1 long in p.a. 300° [BOU]. Mar. 5.25: w/ 10x50 B, 295 tail in p.a.
205° [TAY). Mar. 5.75: w/ 7x50 B, dust tail 6° long in p.a. 303° [VELO03). Mar. 5.83: tail spans p.a. 295°-320° [MIY01].
Mar. 6.08: w/ 11-ecm L (32x), m; = 4.8 [IVA03]. Mar. 6.13: gas tail 13° long in p.a. 332° and dust tai] 4° long in p.a.
313° [CHE03]. Mar. 6.14: dust tail 625 [KON 06]. Mar. 6.14: dust tail 225 long [CHV]. Mar. 6.15: w/ naked eye, 5° dust
tail in p.a. 300°; curved slightly towards W [SAR02]. Mar. 6.15: second tail 12° in p-2. 290° [HOR02]. Mar. 6.15: w/
7x50 B, dust tail 6° long in p.a. 301° [VELgﬂ Mar. 6.23: w/ 10x50 B, 3°5 tail [ENT]. Mar. 6.28: “w/ naked eye and
9x63 B, tails 14° (gas), 7° (dust); the tails had a comparable surface brightness at 3° from the nucleus; the area between
the two tails seemed as dark as the sky background; m, estimated by taking off eyeglasses (this applies to all of my obs. of
C/1995 O1 during Mar. 6-12” [Hakon Dahle = DAH, Observatorio del Roque de Los Muchachos, La Palma, Canary Is.,
Spain]. Mar. 6.46: a fan-shaped dust tail spanning p.a. 290°-309° started out straight for ~ 4° and then gently curved to
end near r Cyg (total length ~ 8° in p.a. 280°); the NW edge of the dust tail showed a bright spine of material extending
for ~ 4° in 7x50 B [ADA03]. Mar. 6.92: tai] was broad and diffuse [HEE]. Mar. 7.14: dust tail 5° [KON06). Mar. 7.18:
w/ naked eye, curved dust tail §° long, central cond. of mag ~ 1.5; w/ 9x63 B, bright streamer on E border of dust tail;
w/ 20-cm T (111x), false nucleus of mag ~ 3.0, w/ curved jet and three bright envelopes (which were the origin of the
bright streamer); sunward jet fan spanning ~ 120°; in tailward direction, much darker area; false nucleus is not at the
apex of the parabola, but positioned a bit to the NW [KAMO1]. Mar. 7.18: besides gas tail, slightly curved dust tail in
P-2. 288°-310° (longest 623 in p.a. 300°); strong cond., yellowish in color [BOU)]. Mar. 7.18: due to slight coma increase,
the aperture size was enlarged accordingly [MIK]. Mar. 7.26: w/ naked eye and 9x63 B, tails 13° (gas), 5° (dust); gas
tail lost in the Milky Way; m; uncertain due to clouds [DAH]. Mar. 7.44: comet’s alt. same as that of comparison star
(Capella) [CREO1]. Mar. 8.06: w/ 7x50 B, dust tail 5° long in p.a. 312° [VEL03]. Mar. 8.13: w/ 63-cm f/16 L (130x),
‘waving stream’ seen from the nucleus, w/ jet pointing towards p.a. 170°; three elongated concentric rings/ brightenings
in section w/ p.a. ~ 170°-280° [CHE03)]. Mar. 8.14: W/ naked eye, 10° dust tail in p.a. 310° curved towards W [SAR02].
Mar. 8.15: dust tail 8° [KON06]. Mar. 8.15: second tail 10° long in p.a. 280° [HOR02]. Mar. 8.16: second tail 5° long
in p.a. 305° [PLS]. Mar. 8.17: 12° ion tail in p.a. 330°; 4° dust tail in p.a. 310° [VANOG). Mar. 8.17: dust tail 7° [FIA].
Mar. 8.17: second tail 10° in p.a. 300° ZNO]. Mar. 8.26: w/ naked eye and 11x 80 B, tails 14° (gas), 5° (dust); coma had
distinctly yellow color; the N edge of the dust tail was much sharper and more well-defined than the S edge, which was
very diffuse; several faint streamers seen in the gas tail [DAH]. Mar. 8.46: main slga.s*) tail showed possible extension to
15°5; fan-shaped dust tail spanning p.a. 275°-310° had maximum confirmed length of 6° in p.a. 300°, but may have had
faint extension to ~ 10° in p.a. 275°; the dust tail showed more curvature than in my previous obs., and the tail spine
was still visible, but was not as bright; light fog formed toward end of observing session [ADA03]. Mar. 8.53: “a retty
twin-tailed comet!”; very noticeable w/ naked eye; in 7x50 B, the S dust tail (yellow) is very broad (over 2° widef over
7° long in p.a. 310°; narrow 10° plasma tail in p-a. 330° [SPR]. Mar. 8.82: brightest part of dust tail in p.a. 290° (5°
long) [SHI]. Mar. 9.10: dust tail 6° long [MOR04]. Mar. 9.07: w/ 11-cm L (32x), m, = 4.3 [IVA03]. Mar. 9.10: w/ 4-cm
R (8x), dust tail 7° long in p.a. 282°-205°; w/ naked-eye, ion tail 15° long in p.a. 333° [BARO6]. Mar. 9.14: 10° dust
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tail in p.a. 315°, curved towards W [SAR02]. Mar. 9.15: second tail 10° long in p.a. 205° [HOR02]. Mar. 9.16: 13° jon
tail in p.a. 330°; 5° dust tail in p.a. 310° [VANO6]. Mar. 9.17: also slightly-curved dust tail spans p.a. 296°-318° (longest
695 in p.a. 305°); strong cond,, yellowish in color; w/ 7x50 B, the head looks like an inverted ‘J°, w/ a broad fountain
roughly centered in p.a. 210°, curving back anti-clockwise into the dust tail [BOU]. Mar. 9.24: to the naked eye, broad,
slightly-curved dust tail spans p.a. 290°-310°, longest towards p.a. 310°; 7°-8° gas tail near p.a. 330°; the bright fountain
and strearner are perceived; 0°5 tail still seen 30 min before sunrise; still visible to naked eye 20 min before sunrise; in
9x 34 B, very strong central cond.; a huge fountain continues as a broad bright streamer along the inner or leading edge
of the dust tail (the inside boundary just tailwards of the nucleus being ve  sharply defined); inside this broad streamer,
there is a brighter, narrow streamer that leaves the pseudo-nucleus towards p.a. 260°, then curving slightly tailwards;
dust tail is better defined than gas tail; in 25.3-cm f/5.6 L (58x), wide open fountain initially spanning p.a. 180°-295°;
four hoods inside this fountain, the first being linked to the nucleus by a ‘V’-shaped wedge of bright material that leaves
the nucleus towards p.a. 320°, then sharply turns back to touch the first hood near p.a. 295°; another weaker fountain-like
structure leaves the nucleus towards p.a. 100°, then strongly curves counter-clockwise through the sunward part of the
coma to join the outer edge of the great fountain; broad bright streamer flowing from the great fountain along the inner
part of the dust tail, the inner or leading edge being sharply defined; the dark void tailwards of the nucleus is no longer
prominent, there being a gradual brightness increase from the sharp inner edge of the dust tail to the outer, leading edge
of the gas tail (the inner, trailing edge of the gas tail is ill-defined); as twilight advances, the nucleus remains stellar,
while a knot of bright material is suspected very roughly 0'5 to the NW; 15 min before sunrise, the first hood is still
visible, whilst the nucleus itself could be followed until 4 min to sunrise, still w/ some diffuseness around; slight mist at
the beginning of obs., conditions improving thereafter [PERO1]. Mar. 9.26: w/ naked eye and 11x80 B, tails 14° (gas), 7°
(dust); the dust tail is a wide fan beautifully curved towards the S, w/ a sharply-defined N edge and a very diffuse S edge;
the gas tail was lost in the Milky Way, but there is a hint (stronger than yesterday) that the tail is emerging from the
Milky Way into the N-galactic hemisphere, which would increase the quoted tail length by ~ 10° [DAH]. Mar. 9.31-9.44:
comet viewed from its rising around 2:45 a.m. local time until in deep twilight around 5:30 a.m. local time (nearly 3 hr);
forked tail (ion vs. dust) was really remarkable from a dark sky w/ 12x50 B; w/ 32-inch L (100x), remarkable structure
in inner coma w/ 3 irregular hoods/shells and a faint outer fourth shell strongly suspected; as before, the SE side of the
coma w/ the strong dust jets/shells is very yellowish, while the other side of the coma (where the ion tail commences) is
very bluish; even from a very dark mountain site under crystal-clear winter skies, naked-eye ion tail is seen w/ difficulty
to 10° (the outermost few deg extremely faint and tenuous), and the dust tail is seen to only ~ 5° or so [GRE, w/ B.
Volz and M. Motta, Center Harbor, NH]. Mar. 9.78: w/ 4-cm R (8x), dust tail 8° long in p.a. 300°; w/ naked eye, ion
tail 15° long in p.a. 326° [BARO6].  (text continued on next page)
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Below: drawings of comet C/1995 O1 by Atilla Késa-Kiss via 7x50 B on 1997 Mar. 10.15 (left) and Mar.
29.78 (rig}lt). R : wd
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Above: Two sketches of the coma of comet C/1995 O1 by Daniel W. E. Green, showing the changing
dust ‘hoods’ or ‘haloes’ emanating from the nuclear region in 24 hours, as seer with the Harvard College
Observatory 9-inch f/12 R (86x ). The view at left was on 1997 Mar. 16.00 and that at the right was on Mar.
16.98. A new shell appears to be forming in the right picture.
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Mar. 10.06: w/ 7x50 B, dust tail 6° long in p.a. 314° [VEL03]. Mar. 10.11: dust tail 326 long in p.a. 340° [CHV].
Mar. 10.14: second tail 10° long in p.a. 205° [HOR02]. Mar. 10.14: dust tail 5° long [MEY]. Mar. 10.15: w/ naked
eye, curved dust tail 6° long spanning p.a. 265°-310°; central cond. of mag ~ 1.0; w/ 9x63 B, coma dia. 15/, DC =
S8/; bright streamer on E border of dust tail; w/ 20-em T (111x), false nucleus of mag ~ 3.0; again visible is a curved
(comma-shaped) jet and three bright envelopes; sunward jet fan spans ~ 120°; tailward is a much darker area; false
nucleus not at the apex of the parabola, but positioned a bit to the NW [KAMO01]. Mar. 10.16: 13° jon tail in p.a. 330°,
3%5 dust tail in p.a. 305° [VAN06]. Mar. 10.17: also slightly-curved dust tail, longest 6°5 in p.a. 306°; strong cond.,
yellowish in color [BOU]. Mar. 10.23: to the naked eye, gas tail ends a little S of o Cep; dust tail < 10° lon , lost in
Milky Way, spanning p.a. 290°-320°, the trailing edge being slightly curved clockwise; in 25.3-cm f/5.6 L (58x), overall
appearance similar to previous night (however, the wedge of material linking the nucleus to the first hood looks slightly
broader, centered at p.a. 280°); dark void tailwardps of the nucleus slightly more prominent again [PER01]. Mar. 10.25:
w/ naked eye, tails 24° (gas), 13° (dust); the gas tail is for the first time definitely seen to extend beyond the Milky Way;
dust tail was lost in the Milky Way; both tails seem to have higher surface brightness than on previous mornings [DAH].
Mar. 10.74: w/ 7x50 B, dust tail 6° long in p.a. 320° [VELOSﬁ. Mar. 10.76: dust tail 9° [KONO06). Mar. 10.77: second
tail 7° in p.a. 295° [HOR02). Mar. 10.82: brightest part of dust tail in p-2. 205° (7° long) [SHI]. Mar. 11.11: w/ 7x50 B,
dust tail 6° long in p.a. 312° [VEL03]. Mar. 11.13: w/ 63-cm L (130x), two bright concentric rings; bright jet towards
p.a. 260° on Neopan 1600 film, 1- and 3-sec exp. w/ 63-cm L show four rings elongated w/in 3’ of the photometric
nucleus; dust tail in the section p.a. 205°-308°; ion tail is suspected to length of 23° [CHE03]. Mar. 11.13: dust tail 6°
long in p.a. 305° [KOZ). Mar. 11.14: dust tail 6° long [MEY]. Mar. 11.15: second tail 10° in p.a. 295° [BOR02]. Mar.
11.16: 13° ion tail in p.a. 330°, 6° dust tail in p.a. 310° [VANO6]. Mar. 11.20; w/ 10x50 B, 4° tail [ENT]. Mar. 11.24:
w/ naked eye and 9x63 B, tails 17° (gas), 9° (dust); m, uncertain due to clouds [DAH]. Mar. 11.51: twin tails very
noticeable; in 7x50 B, coma very elongated and bright yellow in color; plasma tail seen w/ naked eye to stretch to 4° in
p-a. 31°%; dust tail to 8° in p.a. 32° [SPR]. Mar. 11.70: dust tail 6° long [MOR04]. Mar. 11.77: dust tail 4°6 long [caV).
Mar. 11.77: second tail 8° in p.a. 300° [HOR02)]. Mar. 11.77: second tail 10° in p.a. 300° [PLS). Mar. 11.78: dust tail 9°
[KON06). Mar. 11.99: w/ 11-cm L (32x), my = 4.2 [IVA03]. Mar. 12.12: dust tail 5% long [CHV]. Mar. 12.14: dust tail
3°5 long [MEY]. Mar. 12.14: second tail 10° in p.a. 300° [HOR02]. Mar. 12.15: second tail 7° in p.a. 300° [PLS]. Mar.
12.15: second tail 9° in p.a. 295° [ZNO). Mar. 12.16: w/ naked eye, curved dust tail 6° long spanning p.a. 280°-315°;
central cond. of mag 0.7; w/ 20-cm T (111x), spectacular sight — false nucleus again showed the comma-shaped jet,
starting in NW and creating the innermost envelope; this and a second envelope today were broader and more diffuse
than on the preceding days; a ring-like feature (at first glance resembling one of the impact sites of comet D/1993 F2 =
1993e only a few hours after impact) surrounded the false nucleus, which was positioned a bit to the SE of the center of
this feature; a closer inspection showed the feature to be most probably the result of a rotating jet; on the sunward side,
it was identical w/ the innermost envelope, while on the tajlward side, it started at the SE end of the envelope and then
looped around the false nucleus w/ a radius of ~ 1’ ; the NE segment was weakest, while to the N and NW, it brightened
again and got broader and more diffuse; w/ 9x63 B, coma dia. 18, DC = S8/ [KAMO1]. Mar. 12.20: w/ 10x50 B,
4° tail [ENT]. Mar. 12.23: to the naked eye, also 12° dust fan spans p.a. 290°-320°% in 25.3-cm f/5.6 L (58x), broad
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fountain seems to be weakening, spanning p.a. 185°-295°; nucleus looks like a 0’2 beam aligned towards p.a. 205°; broad
wedge of material leaves the nucleus towards p.a. 270°, then abruptly turns 90° to S to ‘start’ the first hood, some 0’5
from nucleus; the hood looks broken near the edge of the fountain at p.a. 180°, then reappears as a parabolic arc going
through the sunward coma until p.a. 70°, where there is another abrupt turn, the hood going through tailwards of the
nucleus to touch the beginning of the second hood at p.a. 295° (i.e., the hoods appear as a spiral made of ogival arcs!);
this second hood also breaks at p.a. 185°, reappearing weakly as a short arc to p.a. 160°-180°; a new hood seems to be
forming W of the p.a. 205° ‘nucleus beam’; third hood spanning p.a. ~ 185°-295°; fourth hood much fainter, spanning
p.a. 245°-285° [PERO1]. Mar. 12.51: “both tails wider, longer, and more distinct; S side of comet more yellow; impressive
sight!” [SPR]. Mar. 12.77: dust tail 9° [KONO6]. Mar. 12.77: second tail 8° in p.a. 300° [HOR02]. Mar. 12.77: second
tail 10° in p.a. 300° [PLS]. Mar. 13.10: dust tail 6° long [MOR04]. Mar. 13.10: w/ 1l-cm L (32x), distinct starlike
nucleus dia. 1:5; coma observed as a small spherical triangle containing three or four bright arcs [MOS03]. Mar. 13.14:
second tail 8° in p.a. 300° [HOR02]. Mar. 13.23: to the naked eye, 28° gas tail leaving the nucleus towards p-a. 335°,
very slightly curving counter-clockwise after ~ 9°, ending close to 8 Cep; 9° dust fan spans p.a. 205°-315°; comp. stars
Vega and Deneb; in 25.3-cm f/5.6 L (240x ), stellar nucleus; 0'2 jet towards p.a. 200°; fountain spanning p.a. 190°-290°;
first hood 0!5 from nucleus, spanning SSE-WNW, linked to the fountain by a broad bridge spanning p.a. 220°-270°; third
hood spans p.a. 200°-270°, some 11 from nucleus; at 58 x, nucleus as a beam towards p.a. 190°-200°; weakening fountain
now spans p.a. 170°-285°; void tailwards of the nucleus more prominent again, appearing as a narrow parabolic dark
area; first hood spans the full fountain fan, fading at the p.a. 170° edge, then reappearing as a short arc to the SE; second
hood also spans the full fountain fan, fading at the p.a. 170° edge, to reappear immediately as a parabolic arc that could
be traced clockwise until p.a. 60°; third hood much weaker, as a short arc to the W; fourth hood only glimpsed towards
p-a. 270°-290°; overall, the coma continues strongly dichotomized, the trailing part being prominently brighter; broad
bright streamer inside dust tail as in recent obs. [PER01]. Mar. 13.39: “it really makes a HUGE difference seeing this
comet in a dark sky, just as w/ C/1996 B2!}; naked-eye ion tail curves beautifully past the Milky Way — no doubt about
it, more than 20° long; we both felt that the ion tail was both much longer and of much higher surface brightness this
morning than four mornings earlier from the same site (both under clear conditions, near 0° F); dust tail curves about
8° in right fork (ion tail forming the left fork) — stunning via naked eye, in 12x50 B, and in 32-inch f/4 L; comet still
visible at this latitude (+44°) for 1.5 hr prior to the commencement of astronomical twilight; words can hardly describe
the beauty of this comet this morning” [GRE, w/ M. Motta, near Center Harbor, NH]. Mar. 13.99: w/ 11-em L (32x),
m; = 4.1 [I[VA03]. Mar. 14.16: the end of the ion tail is superimposed on the Milky Way, clearly seen up to 18°; “I
suspect a possible further extension up to 20°, but as it is superimposed on a bright star cloud, I cannot be sure it is
real” [MIL02]. Mar. 14.50: both tails are growing larger; in the 7x50 B, the twin tails both extend to over 10° [SPR].
(text continued on next page)

o 0 O

Below: drawings of comet C/1995 Ol by Margareta Westlund. At left, broad view of tails with 7x35 B
on 1997 Mar. 18.10. At right, view of coma with 20-cm f/10 T (125x ) on Mar. 22.82, in moonlight.
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Above: Two sketches of the coma of comet C/1995 O1 by Daniel W. E. Green, showing the changing
dust ‘hoods”or ‘haloes’ emanating from the nuclear region, as seen with a 25.4-cm f/4 L (39x and 85x). The
view at left was on 1997 Mar. 16.4 and that at the right was on Mar. 18.4. The right side of the coma (from
whence issues the jon tail) was very bluish, while the left side of the coma (from whence issues the main part
of the dust tail) was very yellowish in color. Numerous splintered streamers and rays where easily visible in
the jon tail within a degree of the nucleus.

o ¢ 0

¢ Comet C/1995 01 (Hale-Bopp) [text continued from page 88] —

Mar. 15.45: dust tail 8° long in p.a. ~ 310°, spanning p.a. 290°-315° [ADA03]. Mar. 15.49: comet lower but very
impressive; twin tails seem to have ‘merged’ somewhat, as they now are more ‘blended’ together (wider); tail length over
10° in p.a. 32° [SPR]. Mar. 16.10: w/ naked eye, tails 14° ion) and 8° (dust); the gas tail was nearly straight; in 7x50
B, gas tail 14° — easily seen for 10°; w/ 10.2-cm f/15 R (60x), the nucleus appeared round; two bright arcs (hoods
spanning ~ 120° were seen in the fountain that originated from the nucleus, the innermost hood being brightest [SKIJ.
Mar. 16.12: w/ naked eye, tails 13° in p.a. 340° (ion), 7° in p.a. 318° (dust); the dust tail was very bright until ~ 3° from
central cond., and it showed a strong curvature towards S; the intensity of the gas tail was comparable to the Cyg Milky
Way until 6°-7° from the head; in 10x50 B, tails 13° (ion), 795 (dust) [GRA04). Mar. 16.18: in 20.3-cm f/ioT %123 x),
a bright fountain was seen near the false nucleus, spanning p.a. ~ 170°-270°; 3-4 bright arcs (hoods) were seen in this
fountain; these hoods were separated by dark lanes; observed in nautical twilight [GRA04]. Mar. 16.24: to the naked
eye, slightly-curved 16° dust fan spans p.a. 290°-330°; also 14° gas tail near p.a. 350°; in 25.3-cm f/5.6 L (240x), stellar
nucleus; broad bridge of material leaving the nucleus towards W, then abruptly turning clockwise to start the first hood,
which spans p.a. 190°-270°; 2nd hood spans p.a. ~ 200°-270° third hood spans p.a. 230°-270°; the distance between
two first hoods is larger than the distance between second and third hoods; at 58x, ‘nuclear beam’ towards p.a. ~ 3200,
broad, weak fountain spans p.a. 190°-270°; four hoods starting to convey the impression of layers; first hood linked to the
‘nuclear beam’ by a broad bridge of material due-W of the nucleus; strongly dichotomized coma, the trailing part being
much brighter [PER01]. Mar. 16.75: w/ 7x50 B, dust tail 4° long in p.a. 320° [VEL03]. Mar. 16.83: w/ naked eye, tails
13° in p.a. 340° (ion), 725 in p.a. 322° (dust) [GRA04]. Mar. 16.97: only the dust tail was seen; moonlight [SKI]. Mar.
16.99: in 20.3-cm f/10 T (123x), from the pseudo-nucleus there was a wide, bright fountain spanning p.a. ~ 160°-270°;
three arcs (hoods) were visible in the fountain (the two innermost were bright and easily seen); the intensity of the inner
- part of the dust tail was considerably higher than the nearby planetary nebula NGC 7662 [GRA04]. Mar. 17.13: dust
tail 6° long in p.a. 354° [KOZ). Mar. 17.17: w/ naked eye, 8° tail in p.a. 320° [SHA02]. Mar. 17.23: w/ 7x50 B, dust tail
6° long in p.a. 325° [VELO03]. Mar. 17.24: to the naked eye, ~ 10° gas tail near p.a. ~ 345°; also ~ 10° dust fan spanning
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o Comet C/1995 Q1 (Hale-Bopp) [text continued from page 89] =

p.a. 290°-310°; in 25.3-cm f/5.6 L (58x), stellar nucleus; broad bridge of material towards W links the nucleus to the
first hood; the spiral structure of the four hoods like ogival arcs; first three hoods can be traced from W through §, to
E; second hood also continues faintly from W to N, while the third hood has an ill-defined extension from W to NW;
the fourth hood only spans WSW-W;; there are clear breaks/dimmings in the hoods, both at p.a. 160° and 270°; narrow
parabolic dark void tailwards of the nucleus, clearly offset towards the leading edge of the tail system — the contrast
at the dust-tail leading edge being stronger than at the gas-tail trailing edge; strongly dichotomized coma, as in recent
obs.; the ‘terminator’ along p.a. ~ 160° is slightly concave towards the leading part of the coma [PER01]. Mar. 17.38:
the ion tail seems again fainter in surface brightness and not as obvious through Milky Way as during last obs. at this
dark-sky site; can the ion tail be oscillating in brightness as did the ion tail of C/1996 B2?; crisp, clear (and cold! — 0°
F) conditions near Center Harbor, NH [GRE]. Mar. 17.79: second tail 7° in p.a. 305° [ZNO). Mar. 17.82: w/ naked eye,
tails 7° (gas), 5° (dust); dust tail bright for 3°; moonlight and thin clouds; in 7x50 B, tails 8° (gas), 6° (dust) [SKI]. Mar.
17.84: w/ 7x50 B, DC = 8, tails 10° in p.a. 330° (gas), 5° in p.a. 310° (dust); both tails appeared curved; weak aurora
borealis near comet [HEE). Mar. 18.01: w/ naked eye, only the dust tail was seen; moonlight [GRA04]. Mar. 18.09: dust
tail 7° long [MORO04]. Mar. 18.15: second tail 9° in p.a. 315° [HOR02]. Mar. 18.15: ion tail 4° in p.a. 325° [DVO]. Mar.
18.24: to the naked eye, dust tail spanning p.a. 300°-330° and 9° gas tail near p.a. 345°; in 25.3-cm f/5.6 L (240x),
nearly-stellar nucleus; broad spiral arm initially leaves the nucleus towards p.a. ~ 280°, then strongly bends clockwise ~
0'3-0°4 from the nucleus to form the first hood; near the opposite side of where this spiral arm leaves the nucleus, there
is another weaker and smaller spiral arm leaving the nucleus towards p.a. ~ 110°, then strongly bending clockwise some
0'2 from the nucleus, but it couldn’t be traced much farther after the bend; the second hood spans p.a. ~ 180°-270°,
some 0’5 from nucleus; at 58x, hint of new hood or spiral arm very close and to the E side of the nucleus; the bridge
or spiral arm linking the nucleus to the first hood, on the W side, is much weaker now, as if the detachment of the first
hood was near completion; three hoods seen, all spanning p.a. ~ 110°-280°, there being a conspicuous weakening near
p-a. 190°; overall, the hoods do not convey so strongly the impression of ogival arcs as previously, but rather the shape
of wide parabolic arcs; narrow parabolic dark void tailwards of the nucleus [PER01]. Mar. 19.05: w/ naked eye, dust
tail 6% in 10x50 B, tails 9° in p.a. 347° (ion), 7° in p.a. 328° (dust) [GRAO04]. Mar. 19.09: dust tail 8° long [MORO4].
Mar. 19.13: w/ 7x50 B, dust tail 5° long in p.a. 332° [VEL03]. Mar. 19.16: w/ naked eye, tails 7° (gas), 6° (dust); dust
tail curved strongly towards W; observed in morning twilight; in 7x50 B, tails 10° (gas), 7° (dust) [SKI]. Mar. 19.84:
w/ naked eye, tail 12° in p.a. 346° (ion), mdust); the gas tail was quite easily seen for 7°; the comet was first detected
when the solar alt. was —421; in 7x50 B, tails 12° (gas) and 8° (dust) long [SKI].  (text continued on next page)

¢ O 0

Below: drawings of comet C/1985 O1. At left, sketch by Sandro Baroni as viewed through 20x80 B on
1997 Mar, 20.78; the line is 30' in length. At right, sketch by Daniel W. E. Green as viewed through the
Harvard College Observatory 8-inch f/9 Clark R on Mar. 24.58.
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o Comet C/1995 O1 (Hale-Bopp) [text continued from page 90] =

Mar. 20.04: w/1l-em L (32x), my = 3.7 (IVA03]. Mar. 20.17-20.18: w/ naked eye, only dust tail seen; in 20.3-cm
f/10 T (123x), extending from the nucleus was a bright fountain spanning p.a. ~ 160°-270°; four hoods were visible in the
fountain near the nucleus, three of them easily seen; observed in strong morning twilight [GRA04). Mar. 20.45: plasma
tail very faint but traced for length of 10° in p.a. 350°; the dust tail, of length 9° in p.a. 320°, was much brighter and
more broad, spanning p.a. 305°-323°; both tails were lost in the Milky Way; m, estimates w/ 1x50 monocular continue
to be significantly fainter than naked-eye estimates [ADA03). Mar. 20.7: tab. tail refers to the type-I tail; 1°7 type-II
tail in p.a. 305°; twilight [FOG]. Mar. 21.06: w/ naked eye, only the dust tail was seen for 5° (being bright despite the
moonlight) [SKI]. Mar. 21.12: in 10x50 B, tails 12° in p-a. 352° (ion) and 6°0 in p.a. 335° (dust); despite the moonlight
(3 days from full moon) the gas tail was clearly seen [GRA04). Mar. 21.80: in 10x50 B, tail 6° in p.a. 354° (ion), 6°
in p.a. 336° (dust); moonlight [GRAO04]. Mar. 22.14: slightly curving dust tail Spans p.a. 318°-340° (longest 11° in p.a.
328°); strong cond., clearly yellowish in color [BOU[]. Mar. 22.20: very strong moonlight; in 7x50 B, the S dust tajl is
a little more intense, stretching over 12° in length SPR]. Mar. 22.81: central cond. of mag 0.3 [KAMO1]. Mar. 22.82:
moon and clouds interfered, ion tail not visible ZNO). Mar. 22.88: w/ naked eye, tails 7° (dust), 325 (ga.s&; gas tail was
faint; comet first detected at w/ sun at alt. —3°7; in 7x50 B, tails 8° (dust), 7° (gas); gas tail clearly seen for 5° [SK1].
Mar. 22.91: w/ 10.2-cm #/15 R (60x), three arcs (hoods) were seen (the innermost was bright and resembled a spiral
outward from the nucleus; the next one was fainter but clearly visible, while the outermost was faint and best seen w/
averted vision); the distance between the arcs were clearly larger than nearly a week ago [SKI]. Mar. 23.00: w/ 10x50
B, tails 5° in p.a. 355° (ion) and 5° in P.2. 342° (dust); strong moonlight [GRA04]. Mar. 23.15: ion tail §° [KYS]. Mar.
23.16: ion tail 6° [KYS]. Mar. 23.74: w/ 7x50 B, dust tail ~ 4° long in p.a. 343° [VELO3{. Mar. 23.77: dust tail 7° in
p.a. 320° [ZNOJ. Mar. 24.18: moon partially eclipsed [SPR]. Mar. 24.86: only the dust tail was seen w/ the naked eye;
full moon and hazy sky; in 10x50 B, tails 5° in P.a. 7° (ion) and 6° in p.a. 345° (dust) [GRA04]. Mar. 24.86: only the
dust tail was seen (easily seen for 4°); full moon and thin clouds [SKI].

Mar. 25.07: in 20.3-cm f/10 T (123x), a diffuse, fan-shaped fountain was seen on the preceding side on the pseudo-
nucleus, spanning p.a. ~ 200°-320° four hoods were seen in this fountain [GRA04). Mar. 25.12: dust tail > 6° long in
P-a. 343°-350° [BARO6]. Mar. 25.80: dust tail > 4° long in p.a. 334°.344° [BAR06). Mar. 25.84: only dust tail seen
clearly, due to full moon; the tail was curved; w/ 15.2-cm f/8 L (80x), 30’ coma, DC = 8, three arcs seen SW of nucleus
at p.a. 170°-280° [THO03). Mar. 26.77: w/ Tx50 B, dust tai] 7° long in p.a. 352° [VELO03]. Mar. 26.84: w/ 15.2-cm
f/8 L (80x), 30’ coma, DC = 8, three arcs'seen SW of nucleus at p-a. 170°-280° (they were a bit wider than yesterday
and seem to expand over a period of 1-2 hr) [THOO03]. Mar. 26.85: w/ the naked eye and 7x50 B, tails 16° in p.a. 1°

gas) and 11° in p.a. ~ 335° (dust); the width of the gas tail increased outwards [SKI]. Mar. 26.85: excellent conditions
gzodiacal light is glaringly obvious); comparison basically w/ a Aur, B Ori, and Sirius; the comet rivals Mars, but this
wasn’t used because-of color; to the naked eye, strongly-curved-clockwise dust fan spanning p.a. 340°-350°; 10° gas tail
near p.a. 5°; dust tail much brighter than gas tail [PERO1]. Mar. 26.86-26.87: w/ naked eye, tails 15° in p-a. 7° (ion) and
14° in p.a. 336° (dust); very impressive sight, observed before moonrise; w/ 10x50 B, tails 15° (ion) and 11° (dust); the
dust tail was very bright for 3°-4°; the gas tail was much weaker, its intensity comparable to the Cyg-Cas Milky Way;
there was a possible bend in the gas tail at ~ 4° from the head [GRA04]. Mar. 26.93: in 10.9-cm f/15 R (60x), two arcs
were seen near the nucleus, the innermost arc clearly seen despite a turbulent atmosphere; the width of the area between
the arcs was comparable to the width of the arcs [SK? Mar. 27.06: ion tail 14° long, dust tail 11° long [CREO1]. Mar.
27.14: slightly-curved dust tail spans p.a. 328°-346° (longest 995 in p.a. 337°); head clearly yellowish in color BOU].
Mar. 27.16: w/ 20-cm T ( 101x-185x), the greenish-tinged coma shows a complex structure of 3 hoods; one hood comes
from the comet’s SW side and curves around some 110°+ from the false nucleus towards the solar vector; two other
fainter hoods are very visible; the false nucleus and intense hood make the comet look like a giant comma [SPR]. Mar.
27.76: dust tail 11° long in p.a. 335° [BARO:X}. Mar. 27.76: w/ 7x50 B, dust tail 9° long in p.a. 346° [VEL03]. Mar.
27.83-Apr. 18.80: ion tail > 7° long, dust tail > 6° long [MIK). Mar. 27.85: to the naked eye, 10° dust fan strongly
curved clockwise; also 10° jon tail; in 25.3-cm f/5.6 L (240x and 58x), bright ‘nuclear beam’ ~ 1’5 towards p.a. 290°;
possibly what was once the great fountain is now seen in the background of the hoods as a broad ~ 1’ fan spanning p.a.
160°-270°; new thin hood is seen, no more than 01 from the nucleus, spanning p.a. ~ 130°-250°; the gap between this
new hood and the nucleus is also very thin, the two structures being linked at the WSW end; the second hood has stil]
some ill-defined, weak bridge linking it to the nucleus at the W end; this second hood spans p-a. 120°-305°, some 0’5
from the nucleus; third hood ~ 1’ from nucleus spans p.a. 120°-305% fourth hood better defined towards SW-WNW,;
along p.a. 320°, a sharp contrast is seen — the W coma being much brighter than the N coma, tailwards of the nucleus;
dark void no longer seen; all hoods are roughly parabolic-shaped now [PERO1). Mar. 27.89: “w/ naked eye, ion tail 15°,
dust tail 11°; w/ 7x50 B, several streamers were seen in the gas tail; the width of this tail at ~ 10° from the head was
~ 2% the dust tail was broad and bright for ~ 7° by now, I can imagine how Comet Donati looked like in 1858!" [SKI].
Mar. 27.90: “w/ naked eye, tails 15° in p.a. 5° (jon) and 13° in p.a. 341° (dust); the dust tai] was clearly more prominent
than 1-2 weeks ago; in 10x50 B, tails 13° (ion) and 10° (dust); the comet was clearly visible w/ reversed 10x50 B, and
L est. total mag ~ —1.9 (ref: Mars)” [GRA04]. Mar. 28.05: ion tail 15° long, dust tail 12° long [CRE(1). Mar. 28.07: w/
20.3-cm f/10 T (123x), comparison star ¢ And (spec. type B7) was clearly bluer than the nucleus, while ¢ And (spec.
type KO) was redder; there was a ~ 120°-wide sector (spanning p.a. ~ 160°-280°) of bright material originating from
the false nucleus; in this sector there were at least three hoods separated by dark arcs [GRAO04]. Mar. 28.77: ion tail
12° [KYS]. Mar. 28.80: ion tail 12° in p-a. 5° [HOR02]. Mar. 28.81: dust tail 18° [KON06). Mar. 28.81: ion tail 20°
in p.a. 5° [PLS]. Mar. 28.81: dust tail 16° in p.a. 335° (ZNO]. Mar. 28.84: also slightly-curving dust tail, longest 12° in
p.a. 336° BOU]]. Mar. 28.85, 30.84, and 31.85: w/ naked eye, 14° tail in p.a. 343°, 14°, and 13° [SHA02]. Mar. 28.854:
w/ naked eye, 828 tail in p.a. 10° [HAS02]. Mar. 28.89: w/ naked eye, ion tail 15° in P-a. 6% dust tail 13° in p.a. 343°,
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Below: drawings of comet C/1995 O1 by Margareta Westlund (Uppsala, Sweden), as seen through 7x35
B. At left is the view in moonlight on 1997 Mar. 27.91; at right is the view on Mar. 29.96.
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o Comet C/1995 01 (Hale-Bopp) [text continued from page 91] =

favorable conditions; w/ 10x50 B, both tails visible for 13% at p.a. 6° (ion) and 350° (dust); gas tail was clearly split in
two components, separated by 095-1°; a streamer was seen in the dust tail [GRA04 = Bjgrn H. Granslo]. Mar. 28.94: w/
naked eye, ion tail 15°, dust tail 11°; favorable conditions, but aurora below the comet; w/ 7x50 B, several streamers
were seen in the gas tail [SKI]. Mar. 28.98: w/ 20.3-cm f/10 T (123x), four hoods were visible on the SW side of the
nucleus (p.a. 170°-310°), these hoods were separated by dark arcs [GRA0D4]. Mar. 29.76: w/ 7x50 B, DC = D8, 13° taj
in p.a. 7° [VEL03]. Mar. 29.79- w/ naked eye, 10° long curved dust tail in p.a. 340° [SAR02]. Mar. 29.85: tab, taj] is
ion; also dust tail ~ 10° long [PAL02]. Mar. 29.85: dust taj] 16° in p.a. 335° [ZNO]. Mar. 29.88: ion tail 12° in p.a.
5° [HOR02]. Mar. 29.96: w/ naked eye, both the dust and gas tails were seen for 10°; conditions not ideal due to thin
clouds [SKI]. Mar. 30.13: gas tail not visible w/ naked eye; the sky was covered by thin clouds, in morning twilight; w/
10x50 B, gas tail 8° in p.a. 8°, dust tail 7° in p.a. 351°% comet not seen w/ reversed 10x50 B [GRA04]. Mar. 30.15: w/
20.3-cm f/10 T (123x), a bright fountain was seen on the preceding side of the false nucleus, spanning p.a. 180°-310°; at
least three hoods were seen in this fountain [GRA04). Mar. 30.77: dust tajl 16° in p.a. 330° [ZNO]. Mar. 30.78 and Apr.
1.78: w/ 20x60 B, large envelope as diffuse outer coma, ~ 20’ in dia. [CHE03]. Mar. 30.78: dust tajl 15° [KYS). Mar.
30.79: ion tail 6° [DVO]. Mar. 30.80: w/ 7x50 B, dust tail 11° long in p.a. 333° [VEL03]. Mar. 30.80: photometry w/
90-mm-f.1. /2.8 lens + V flter + CCD; the exposure time is listed as 1 sec, although the exp. are recently only 0.3-0.5
sec long [MIK]. Mar. 30.83: “also slightly curving dust tail, longest 1395 in p.a. 337°in 15.6-cm L (102x), strong cond.,
yellowish in color; in sunward direction, sort of knot attached to small jet (new hood forming?); three concentric boods
visible, brightest in sunward direction, the inner two rather sharply defined, and the outer one very diffuse (some 1’-1'5
in dia.)” [BOU]. Mar. 30.85: dust tai] 18° [KON06]. Mar. 30.86: w/ naked eye, both the dust and jopn tail were seen
for 13°, directed toward p.a. 348° and 14°, respectively; observing affected by thin clouds; w/ 10x50 B, 11° dust tai]
in p.a. 355°, 10° ion tail in p.a. 14°% “for all of my obs. in Mar., the m;, values refer to the nearly-stellar central cond.
dia. < 2'); the comet was clearly visible w/ reversed 10x50 B, at total mag —1.7, using Mars as a comparison object”
EGR.A04]. Mar. 30.97: dust tail 13° jn P-a. 330° [HOR02]. Mar. 30.97: dust tajl 15° in p.a. 335° [PLS]. Mar. 31.00: w/
naked eye, tails 15° (gas) and 12° (dust); w/ 7x50 B, two streamers easily seen on each side of the gas tail; a bright
streamer was seen for ~ 2° w/in dust tajl (another streamer was curved and formed the E edge of this tail); in reversed
7x50 B, the comet was as bright as Mars; w/ 10.2-cm /15 R (84x), three hoods were seen on the SW side of the false
nucleus — the innermost started near the nucleus and formed an outward spiral (the next one was fainter and formed a
bright arc spanning 120° in P-a., while the outermost was faint but more sharply defined on its inner side) [SKI]. Mar.
31.07: plasma tail 7° long in p.a. 9°; an ~ 7° dust tail was also seen [ADA03]. Mar. 31.79: dust tail 12° in p.a. 330°
[HORO02]. Mar. 31.795: w/ naked eye, 15% tail in p.a. 13° [EAS02]. Mar. 31.80: dust tail [KYS]. Mar. 31.81: w/ 10.2-cm
f/15 R (84x), three bright arcs were seen (the innermost was brighter and closer to the nucleus than on the preceding
evening; the next one was nearly as bright, while the outermost was fainter, but stj]] easily seen); the separation between
arcs 2 and 3 were slightly less than between the two innermost arcs [SKI]. Mar. 31.83: w/ naked eye, curved dust tail
10° long (initially directed to p.a. 350°); ion tail fainter than on Mar. 12, but decidedly broader; central cond. of mag
0.5; w/ 9x63 B, very complex coma, which can roughly be divided into 3 regions — a region directed towards the ion
tail, a considerably brighter region from which the dust tail emanates (which again is dominated by the dust streamer
on the leading edge?, and a diffuse-looking region immediately to the E of the trailing edge of the dust tail; w/ 20-cm T
80x ), the false nucleus still showed the comma-shaped jet, starting in NW and creating the innermost of three envelopes
fKAMOl]. Mar. 31.84: “also slightly curving dust tail, longest 12° in p.a. 340° strong cond. w/ clear yellow color; w/
25.4-cm L (88x, 115x), new hood forming at end of small sunward jet; w/in 2' of nucleus, three more concentric hoods
visible, brightest in sunward direction, the outer one being very diffuse; at moments of good seeing, several more very
diffuse hoods suspected, but this may have been an illusion” [BOU]. Mar. 31.86: w/ naked eye, tails 14° in p-a. 16° (ion)
and 16° in p.a. 358° (dust); w/ 10x50 B, tails 12° in p.a. 16° (ion) and 13° in p-2. 3° (dust); two streamers visible in
the ion tail, forming its W and E boundaries; a diffuse streamer was seen in the dust tail; the comet was easily seen and
appeared brighter than Mars in reversed 10x50 B (the estimated Inag was —1.9, which apparently includes parts of the
dust tail) [GRA04). Mar. 31.86: w/ naked eye, both the dust and gas tails were visible for 14°% w/ 7x50 B, same tail
lengths as w/ the naked eye; the width of the dust tail reached nearly 2°5; the gas tail was 2° wide at ~ 7° from the
central cond.; in the dust tail, there was a bright streamer that originated from the nuclear region; the E edge of the
dust tail was sharply defined, and much more diffuse on its other side; severa] streamers and structures were seen in the
gas tail; the W edge of the gas tail was straight and more sharply defined than its E side [SKI].

1997 Apr. 1.05: ion and dust tails 15° and 10° long [CREO1]. Apr. 1.14: plasma tail faint, but also traced to 8°
(extension to ~ 10° was suspected) in p.a. 9°; main dust tail spanned p.a. 338°-355° [ADA03]. Apr. 1.17: w/ Tx50
B, there is a distinctly-curved yellow tail stretching for over 14° in p.a. 34°; plasma tail much fainter; hints of ‘veiled
structure’ in the main dust tail, w/ a bright narrow middle section curving outwards from the coma [SPR]. Apr. 1.79:
dust tail 15° [KYS]. Apr. 1.80: dust tail 10° in p.a. 330° [HOR02). Apr. 1.80 and 2.78: w/ naked eye, 12° curved dust
tail in p.a. 345° and 350° [SARO02]. Apr. 1.81: ion tail 15° (KON06]. Apr. 1.82: dust tajl 12° in p-a. 335° [ZNO]. Apr.
1.833: w/ naked eye, 15°7 tail in p.a. 17° [HAS02]. Apr. 1.84: also slightly curving dust tail, longest 15° in p.a. 3400;
nearly-stellar cond., yellowish in color [BOU]. Apr. 1.84: w/ naked eye, curved dust taj] 12° long (initially directed to
P-a. 355°); ion tail fainter and broader than yesterday; central cond. of mag 0.7; w/ 9x63 B, very complex coma of dia.
15" and DC = 88/ Soverall appearance as yesterday); highly structured ion tajl w/ several streamers; w/ 20-cm T (80x),
the innermost enve ope showed a spiral-like appearance, one streamer emanating from the leading edge of the coma to
the NE [KAMO1]. Apr. 1.87: w/ naked eye, gas tail 14° in P-2. 14°; the outer portion of the gas tail was slightly easier to
detect than on the previous evening; w/ reversed 7x50 B, total mag —1.3 (comparison w/ Mars); the comet was easily
seen in 7x50 B when first detected w/ solar alt. —2°7 [SKI]. Apr. 1.88: w/ naked eye, tails each 14° long in p.a. 18°
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f comet C/1995 O1 by Margareta Westlund (Uppsala, Sweden), as seen through 7x 35
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Above: Two sketches of the coma of comet C/1995 O1 in 1997 April. At left, drawing by Daniel W,
E. Green on Apr. 11.06 UT at the Harvard College Observatory’s 9-inch §/12 Clark R (261x, and lower
magnifications). At right, drawing by Margareta Westlund with a 20-cm /10 T (125x) on Apr. 20.82, in
moonlight.

© ¢ o

o Comet C/1995 O1 (HaI&Bopp) [text continued from page 93 =

(ion) and 0° (dust); in 10x50 B, tails 14° in p.a. 22° (ion) and 13° in p.a. §° (dust); several streamers were seen both
in the ion and dust tails [GRAO04]. Apr. 2.0-2.1: from a dark-sky site, this comet looks to the naked eye very similar to
Bond’s drawings of comet C/1858 L1 (Don;‘ti}, w/ the curved dust tail and the jon tai] streaming off to form a the ‘upper
branch’ of the ‘V'’-shaped comet; the ion tail has considerable width ~ 5°-10° from the comet’s head; at our latitude
(+44°), the comet was observed for some 4 hr (and for more than 3 hr in a dark sky after the end of twilight); again,
one must get to a really dark sky (away from any artificial sky glow) to appreciate the true splendor of this comet [GRE,
w/ Andy Chaikin, observing near West Rumney, NH, at the edge of the White Mountains National Forest]. Apr. 2.06:
ion and dust tails 18° and 11° long [CREQ1]. Apr. 2.08: in 20.3-cm f/10 T (123x), the false nucleus was gmall, but not
quite stellar (its sise was not more than 3"-4", as compared w/ the nearby double star 7 And); there was a region of
enhanched brightness SW of the nucleus (pa. ~ 160°-300°), in which three, possibly four, hoods were seen; the comet’s
head was much more evenly illumated than in Feb. [GRAD4]. Apr. 2.18: w/ 20-cm T (101x), the yellow-green-tinged
coma shows a complex structure of 3 hoods; one hood comes from the comet’s SW side and curves around some 100°+
from the false-nucleus towards the Solar vector; two other fainter hoods are very visible; the false nucleus and intense
inner hood make the comet look like a giant comma or ‘S’-shaped spiral nebuia [SPR]. Apr. 2.78: w/ 15-em f/15 R
(65x), bright inner coma of dia. 12’ , outer coma of dia. 18'; nucleus offset w/ respect to geometric center of the outer
coma; curved dust tail in p.a. 330°-350°, gas tail has sharp wavy structure w/in 7° of nucleus [CHE03]. Apr. 2.79: dust
tail 14° ip p.a. 340° [ZNO]. Apr. 2.80: dust tail 12° in p.a. 345° [HORQ2]. Apr. 2.80: dust tail 13° in p-a. 350° [PLS].
Apr. 2.83: ion tail 5° [LIB). Apr. 2.85: tab. tail is ion; also dust tail ~ 6° long [PAL02]. Apr. 3.78 and 4.78: w/ naked
eye, 14° and 20° curved dust tail in p.a. 350° [SARO02]. Apr. 3.79: ion tail 9° [KONO6). Apr. 3.83: ion tail 4° [LIB].
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Apr. 3.85: also slightly curving dust tail (longest 15° in p.a. 350°); strong, nearly-stellar cond., yellow in color (BOU].
Apr. 3.86: w/ naked eye, 9° tail in p.a. 22° [SHAO02]. Apr. 4.18: w/ 7x50 B, the tail is a complex fabric of material
(brighter up the middle section, but w/ a ‘hook’ or twist part way, giving the comet a ‘tadpole’ effect); the faint plasma
tail extends for 8° whilst the dust tail can be traced well over 17° [SPR]. Apr. 4.83: w/ naked eye, 12°0 tail in p.a.
348° and 12°5 tail in p.a. 28° [HAS02]. Apr. 4.85: tab. tail is ion; also dust tail ~ 9° long [PAL02]. Apr. 4.86: to the
naked eye, excellent conditions (the zodiacal light is strikingly conspicuous); dust fan at least 12° long, centered near
p.a. 0° ion tail at least 8° long, near p.a. 35° in 9x34 B, two parabolic streamers flowing from the nucleus, symmetric
to the ion-tail axis; broad dust fan curving clockwise, significantly sharper at the leading edge, the trailing edge being
ill-defined; in 25.3-cm f/5.6 L (240x), non-stellar nucleus; first hood appears as a spiral arm, leaving the nucleus as a
narrow fountain towards p.a. 270°, then strongly curving clockwise ~ 21" from the nucleus, going through the sunward
coma until p.a. 155%; the second hood also originates from the same narrow westward fountain, then strongly curving
clockwise some 36" from the nucleus; it was possible to trace the second hood through the sunward coma until p.a. 155°;
hint of a weak new hood being formed as a narrow 9” spiral arm touching the nucleus nearly S, but directed along ESE;
at 58x, new hood is clearly seen, as well as four more hoods, the first two spanning p.a. 155°-270°; third hood spans
p.a. 170°-270°; fourth hood as a short arc towards the SW — not concentric w/ the three inner hoods (i.e., more linear,
not-so-strongly curving clockwise); parabolic coma w/ axis near p.a. 30°-35°; dust tail is seen w/ the trailing edge along
NNW [PERO1). Apr. 4.87: dust tail 18° in p.a. 345° [ZNO).

Apr. 5.19: w/ 7x50 B, the faint plasma tail extends for 10° whilst the dust tail can be traced for 15° [SPR]. Apr.
5.79: w/ 5-cm R (20x), mz = 2.6 [BARO6]. Apr. 6.79: tab. tail refers to type-I tail; type-II tail in p.a. 25° [FOG}. Apr.
6.84: w/ naked eye, curved dust tail 14° long (initially directed toward p.a. 5°); weak, broad ion tail; central cond. of
mag 0.8; w/ 9x63 B, very complex coma of dia. 25’ and DC = S8/; highly structured ion tail, dominated by several
streamers, the brightest one at the leading edge; w/ 20-cm T (80x), false nucleus nearly at the apex of the paraboloid
coma; three envelopes, more diffuse than six days ago; bright streamer easily visible as a conspicuous streak emanating
from the brighter parts of the coma [KAMO1]. Apr. 6.84: ion tail 5° [LIB]. Apr. 6.84: also slightly curving dust tail,
longest 19° in p.a. 348°; strong, nearly-stellar cond., yellowish in color [BOU]. ~ (text continued on next page)

e O O

Below: drawings of comet C/1995 O1 by Attila Késa-Kiss via 7x 50 B, showing how the jon tail shortened
and faded rapidly in April. At left, 1997 Apr. 8.81; at right, Apr. 13.80 UT.

(APRIL 8, 1997 )
19730 UT. #x508
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o Comet C/1995 O1 (Hale-Bopp) [text continued from page 96] =

Apr. 6.87: w/ naked eye, 14°1 tail in p-a. 335° and 12°1 tail in p.a. 25° w/ 10x50 B, coma dia. 20,DC =8 [HAS02].
Apr. 7.79: dust tail [DVO]. Apr. 7.81: 15° dust tajl in p-2. 350° [HORO02 and HYN]. Apr. 7.81: 6° ion tajl LIB]. Apr.
7.82: w/ naked eye, 1098 ‘tail in p.a. 26° w/ 10x50 B, coma dia. 9'3, DC = 8 (HAS02]. Apr. 7.82: 21° dust tail in
p.a. 345° [ZNO]. Apr. 7.82: 16° ion tail [KONO6]. Apr. 7.84: w/ naked eye, curved dust tail 14° long (initially directed
toward p.a. 5°); weak, broad ion tail, which could not be traced beyond the line a-y Per, although the limiting mag at
the comet’s position was 5.3 and the zodjacal light well visible; central cor”. of mag 0.6; w/ 9x63 B, 22’ coma, DC =
S8/, highly-structured ion tail, streamers not as dominating as the night before; the part of the jon tail very near the
coma looked like a DE (of the leading part) [KAMO1]. Apr. 7.84: w/ naked eye, 6° tail in p.a. 28° [SHA02). Apr. 7.85:
also slightly curving dust tail, longest 20° in p.a. 349° [BOU]. Apr. 7.88: 16° dust tail in p-a. 350° [HORO02]. Apr. 8.06:
ion and dust tails 8° and 12° long [CREQ1). Apr. 8.77: w/ naked eye, dust tail 13° long in p.a. 3356; w/ 5-cm R (20x),
mz = 2.3 [BARO6). Apr. 8.80: 6° ion tail [LIB]. Apr. 8.80: 13° dust tail in P-a. 355° [HOR02). Apr. 8.83: 16° ion tail
[KONO06]. Apr. 8.85: 17° dust tail in p.a. 350° [ZNOJ. Apr. 8.86: w/ naked eye, 13%6 tail in p.a. 349° and 11°1 tail in
p-a. 30° [HAS02]. Apr. 8.90: tab. tail is ion; also dust tail ~ 12° long [PALO2]. Apr. 9.81: 7°5 dust tail in p.a. 0° [HYN).
Apr. 9.89: w/ naked eye, 5° tail in p.a. 32° [SHAO02].

Apr. 10.85: w/ naked eye, 5° tail in p.a. 29° [SHA02]. Apr. 11.79: 16° ion tail in p-a. 50° [ZNOJ. Apr. 11.82: 12°
ion tail [KONO06). Apr. 11.85: w/ 9x63 B, ion tail at p.a. 40°; interfering moonlight [KAMO1]. Apr. 11.85: also 5°
lon tail near p.a. 40°; moonlight [PER01]. Apr. 11.88: w/ naked eye, 10°8 tail in p.a. 353° and 10°7 tail in p.a. 30°
[HAS02]. Apr. 12.19: moonlight starting to ‘wash out’ tail; Algol (near minimum) 2°5 away [SPR]. Apr. 12.84: 10° jon
tail [KON06). Apr. 13.79: 12° ion tail in p.a. 50° [ZNOJ. Apr. 13.80: 4° ion tail (LIB]. Apr. 13.84: w/ naked eye, curved
dust tail traced to 10°; central cond. of mag 0.8; interfering moonlight [KAMO1). Apr. 14.85: moonlight; to the naked
eye, dust tail could be as long as 12°, there being a sharp clockwise bend in the leading edge some 2°-3° from the head; in
9x34 B, hint of ‘lobes’ in the dust tail, as in recent two weeks; both the sharp leading edge and the diffuse trailing edge
are slightly curved clockwise; in 25.3-cm f/5.6 L (240x), stellar nucleus w/ weak narrow jet towards W; newly-formed
hood appears as a ‘cumulonimbus anvil’ fan spanning p.a. 130°-250°, the outer edge leaving the nucleus towards W,
then strongly curving clockwise, reaching an average distance of 6” from the nucleus; the second hood leaves the nucleus
towards the W, then strongly bends clockwise through the sunward coma, w/ the outer edge ~ 19" from the nucleus;
third hood not clearly linked to the nucleus, but emerges at some distance Wwards, then strongly bending clockwise
until S (the outer edge reaching ~ 31" from the nucleus); at 58x, both edges of the tail curve slightly clockwise; the new
‘anvil-shaped’ hood gives the impression of having a faint extension going clockwise tailwards of the nucleus; the hood’s
edge towards W is involved in diffuseness; second hood spans p.a. 135°-260°; third hood spans p.a. 155°-260°; a fourth,
weaker hood spans p.a. 185°-250°; parabolic-shaped, weakly-pronounced dark void tailwards of the nucleus; the leading
part of the coma is now clearly brighter than the trailing part [PER01]. :

Apr. 15.85: 9° jon tail [KONO6]. Apr. 15.85: w/ naked eye, 6° tail in p.a. 45° [SHAO2]. Apr. 17.83: naked-eye
estimate made w/ different pairs of comparison stars than 10x50 B estimate [GLI]. Apr. 17.85 and 21.85: w/ naked eye,
central cond. of mag 1.1 and 1.2; strong moonlight [KAMO1]. Apr. 19.80-29.89: comparison stars o Aur, 8 Ori, o Tau
[DES01]. Apr. 20.82: estimates employed Capella and Procyon as comparison stars [GLI]. Apr. 20.85: only comp. star
used (o Lyr) had the same zenith distance as the comet [GLI]. Apr. 24.19: w/ 7x50 B, the comet shows a very broad
and distinctly-curved dust tail some 8°+ in length [SPR]. Apr. 24.81: ion tail > 5° long, dust tail > 6° long [MIK]. Apr.
27.21: w/ 7x50 B, the plasma tail is much more evident than in recent days; the dust tail shows a distinct filament
structure to it [SPR]. Apr. 28.87: comparison stars o Aur, o CMi, 8 Gem, and o Vir [PERO1]. Apr. 29.78: w/ naked
eye, 10° dust tail and 16° ion tail; m, = 1.3 [MIL02]. Apr. 30.78: 12° ion tail, 8° dust tail [MIL02].

~ o Comet C/1996 B2 (Hyakutake) =5 1996 Apr. 5.46: w/ 20.0 f/9 C (45x), 5!8, DC = 8; ion tail 2°5 long in p.a.
60° [NAG04]. Apr. 12.45: another tail in p.a. 50° [NAGO4]. Apr. 13.47: another tail in p-a. 70° (> 1° long); w/ 20.0-cm
#/9 C (60x), 6'3 coma, DC = 7/ [NAG04]. Apr. 22.44: w/ 10x70 B, DC = 7. tail 13 long in p.a. 40° [NAGO4).

© Comet C/1996 N1 (Brewington) => 1996 Sept. 5.88 and 6.88: w/ 20.0-cm f/6 L (38x), my = 8.7 and 9.5 (MM =
S; Ref = PPM Star Catalogue, Roser and Bastian 1991, unacceptable for visual magnitude work); coma dia. 6’ and 4’ :

DC = 4 and 3 (respectively) [GILO1]. Oct. 2.88: w/ 20.0-cm f/6 L (38x), my ~ 10.2 (see his data above for Sept. 5 and
6); coma dia. 6/, DC = 2 [GILO1].

© Comet C/1996 Q1 (Tabur) = 1996 Oct. 16.81: another faint narrow tail, 1°1 long in p.a. 290° [NAG04]. Oct.
23.83: other faint tails in p.a. 303° (1925 long), 5° (60'), and 350° (33') [NAGO4].

© Comet C/1997 D1 (Mueller) =5 1997 Mar. 4.94: starlike central cond. suspected [MEY]. Mar. 5.20: central cond.

of dia. 2" and mag 15.0; tail, as tab., although somewhat faint and irregular in shape, nevertheless was readily apparent
[ROQ]. Mar. 9.27: central cond. of dia. 5” and mag 15.4; inner coma region generally symmetrical [ROQ]. Mar. 9.84:
photometry w/ 36-cm f/6.7 T + V filter + CCD [MIK]. Mar. 9.85: comet similar in appearance to nearby NGC 3824,
but slightly smaller and rounder [BOU)]. Mar. 13.15: central cond. of mag 14.6 and dia. 3"; coma was asymmetrical, as
"expected, in the direction of the tail; tail’s structure and visibility appeared consistent on exposure-calibrated images
made in V, R, and unfiltered [ROQ]. Mar. 18.16: central cond. of mag 15.7 and dia. ~ 4” [ROQ]. Mar. 20.20: central cond.
of dia. 4" and mag 15.0 [ROQ]. Mar. 27.14: central cond. of dia. 2" and mag 13.7; tail showed two distinct components
— a tapering inner “core” extending 40" at p.a. 108°, which was immersed in a fainter, diffuse component extending
almost 100” at p.a. 104° [ROQ]. Mar. 30.13: central cond. of dia. ~ 2" and mag 14.6; tail showed no sub-structure w/in
its main, diffuse body such as was evident three days previously [ROQ]. Apr. 13.15: central cond. of dia. 3"” and mag

15.1; image processing showed no sub-structure w/in the coma or tail [ROQ).
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TABULATED DATA

The headings for the tabulated data are as follows: “DATE (UT)” = Date and time to hundredths of a day in
Universal Time; “N” = notes [* = correction to observation published in earlier issue of the I C@; an exclamation mark
!} in this same location indicates that the observer has corrected his estimate in some manner for atmospheric extinction
gprior to September 1992, this was the standard symbol for noting extinction correction, but following publication of
the extinction paper — July 1992 JCQ — this symbol is only to be used to denote corrections made using procedures
different from that outlined by Green 1992, ICQ 14, 55-59, and in Appendix E of the ICQ Guide o Observing Comets
— and then only for situations where the observed comet is at altitud- > 10°); ‘&’ = comet observed at altitude 20°
or less with no atmospheric extinction correction applied; ‘8’ = comet observed at altitude 10° or lower, observations
corrected by the observer using procedure of Green (b1d.); for a correction applied by the observer using Tables Ia, Ib
or Ic of Green (ibid.), the letters ‘a’, ‘“w’, or ‘s’, respectively, should be used].

“MM” = the method employed for estimating the total (visual) magnitude; see article on page 186 of the Oct. 1996
issue [B = VBM method, M = Morris method, S = VSS or In-Out method, I = in-focus, C = unfiltered CCD, ¢ =
same as ‘C’, but for ‘nuclear’ magnitudes, V = electronic observations — usually CCD — with Johnson V filter, etc.).
“MAG.” = total (visual) magnitude estimate; a colon indicates that the observation is only approximate, due to bad
weather conditions, etc.; a left bracket ([) indicates that the comet was not seen, with an estimated limiting magnitude
given (if the comet IS seen, and it is simply estimated to be fainter than a certain magnitude, a “greater-than” sign (>
" must be used, not a bracket). “RF” = reference for total magnitude estimates (see pages 98-100 of the October 1992
issue, and Appendix C of the ICQ Guide to Observing Comets, for all of the 1- and -letter codes). “AP.” = aperture
in centimeters of the instrument used for the observations, usually given to tenths. “T” = type of instrument used for
the observation (R = refractor, L = Newtonian reflector, B = binoculars, C = Cassegrain reflector, A = camera, T =
Schmidt-Cassegrain reflector, S = Schmidt-Newtonian reflector, E = naked eye, etc.). “F/” and “PWR?” are the focal
ratio and power or magnification, respectively, of the instrument used for the observation — given to nearest whole
integer (round even); note that for CCD observations, in place of magnification is given the exposure time in seconds
(see page 11 of the January 1997 issue).

“COMA” = estimated coma diameter in minutes of arc; an ampersand (%) indicates an approximate estimate; an
exclamation mark (!) precedes a coma diameter when the comet was not seen (i.e., was too faint) and where a limiting
magnitude estimate is provided based on an “assumed” coma diameter (a default size of 1’ or 30" is recommended; cf.
ICQ 9, 100); a plus mark (+) precedes a coma diameter when a diaphragm was used electronically, thereby specifying
the diaphragm sizge (i.e., the coma is almost always larger than such a specified diaphragm size). “DC” = degree of
condensation on a scale where 9 = stellar and 0 = diffuse (preceded by lower- and upper-case letters S and D to indicate
the presence of stellar and disklike central condensations; cf. July 1995 issue, p. 90); a slash (/) indicates a value midway
between the given number and the next-higher integer. “TAIL” = estimated tail length in degrees, to 0.01 degree if
appropriate; again, an ampersand indicates a rough estimate. Lower-case letters between the tail length and the p.a.
indicate that the tail was measured in arcmin etg“m”) or arcsec (“s”), in which cases the decimal point is shifted ome
column to the right. “PA” = estimated measured position angle of the tail to nearest whole integer in degrees (north =
0°, east = 90°). “OBS™ = the observer who made the observation (given as a 3-letter, 2-digit code).

A complete list of the Keys to abbrevations used in the JCQ is available from the Editor for $4.00 postpaid (available
free of charge via e-mail); these Keys are also now available in the new Guide to Observing Comeis and via the ICQ’s
World Wide Web site. Please note that data in archival form, and thus the daia to be sent in machine-readable form,
use a format that is different from that of the Tabulated data in the printed pages of the ICQ; see pages 59-61 of the July
1992 issue, p. 10 of the January 1995 issue, and p. 100 of the April 1996 issue for further information [note correction
on page 140 of the October 1993 issue]. Further guidelines concerning reporting of data may be found on pages 59-60 of
the April 1993 issue, and in the ICQ Guide to Observing Comets.

¢ ¢ O

3

Key to observers with observations published in this issue, with 2-digit numbers between Observer Code
and Observer’s Nome indicating source [07 = Comet Section, British Astronomical Assn.; 16 = Japanese observers (c/o
Akimasa Nokamurs, Kuma, Japan); 28 = Czech group (c/o P. Pravec and V. Znojil); 82 = Hungarian group (c/o K.
Sarneczky); 87 = Ukrainian Comet Section (c/o A. R. Baransky and K. I. Churyumov); 42 = Belarus observers, c/o V.
S. Nevski, Vitebsk; {3 = Slovenian observers, c/o Herman Mikuz, Ljubljana; etc.]. Those with asierisks (*) preceding
the 5-character code are new additions to the Observer Key: )

ADAO3 Brian Adams, IA, U.S.A. BOR0O4 37 Sergiy A. Borysenko, Ukraine
ANDO3 17 Krasimir Andreev, Bulgaria BORO5 34 Galin Borisov, Bulgaria

ANZ Fabio Anzellini, Italy BOU Reinder J. Bouma, Netherlands
*APE 07 Cornmel Apetroaei, Romania BRL 12 Pal Brlas, Budapest, Hungary
BAKO1 32 Gaspar Bakos, Budagest. Hungary *BRO0O6 Xavier Bros, Barcelona, Spain
BAN 18 Jaroslaw Bandurowski, Polan BRU 42 Ivan S. Brukhanov, Belarus

BAR Sandro Baromi, Italy BUS04 32 Sandor Busa, Hungary

BARO6 37 Alexandr R. Baransky, Ukraine CANO4 P. Candy, Viterbo, Italy

BEA 07 Sally Beaumont, Cumbria, England *CHAO2 34 Neofit Chanev, Bulgaria

BIV Nicolas Biver, France CHEO3 33 Kazimieras T. Cernis, Lithuania
B0JO1 34 Eva Bojurova, Bulgaria CHOO1 18 Franciszek Chodorowski, Poland

*BONO1 37 Anton Bondarenko, Ukraine *CHR 18 Antoni Chrapek, Pikulice, Poland
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CHU
*CHV
CNO
C0002
CREO1
CSU
DAH
DAM
DER
DESO1
DIEO2
DINO1
*D0OB
DOH
*DRAO2
DVO
ELT
ENT
FAJ
*FTA
FILO4
FILO5
*FILO6
FOG
*FREO1
FUKO01
*FUK02
*GEN
*GENO1
GERO1
GILO1
GLI
GOL
tGOLO2
«GONOS
GRAO4
GRAO7
GRE
GR0OO4
GUB
HALOZ
HANO4
HARO9
HASO2
BASOS
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18

32
24
36
18

07
32
07
18
23

07
18
23
18
37
34

45
16
16
34
34
37
11

19
o7

24
34

18

23
34
37

i6

24
07
37
12
23
23
34
37
37
18
34

16

18
16
32
16
34
23
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Klim Churyumov, Kiev, Ukraine
V. V. Chvak, Ukraine

Ryszard Cnota, Poland

Tim P. Cooper, South Africa
Phillip J. Creed, OH, U.S.A.
Matyas Csukas, Salonta, Romania
Haakon Dahle, Norway

Matteo Damiani, Italy

Oskar Deren, Poland

Jose G. de Souza Aguiar, Brazil
Alfons Diepvens, Belgium

E. L. Dinham, P1 outh, England
Szabolcs Dobra, ungary

Paul B. Doherty, England
Michal Drahus, Krakow, Poland
Denisa Dvorakova, Czech Repub.
Maurizio Eltri, Italy

L. Entwisle, England

Tomasz Fajfer, Torun, Poland
Karolina Fialova, Czech Republic
Marcin Filipek, Poland
Alexander V. Filatov, Ukraine
Peter Filkov, Bulgaria

Sergio Foglia, Italy

Jose Rodriguez Freitas, Uruguay
Hiromi Fukushina, Japan

Hideo Fukushima, Japan

Maria Genkova, Bulgaria

Ivajlo Genov, Bulgaria

0. N. Geraschenko, Ukraine

G. Gilein, Netherlands

Gunnar Glitscher, Germany
Vladimir 4. Golubev, Belarus
Steven Goldsmith, Kent, U.K.
Juan_Jose Gonzalez, Spain
Bjoern Haakon Granslo, Norway
Ivan Gradinarov, Bulgaria
Daniel W. E. Green, U.S.A.
Jaroslaw Grolik, Poland
Herbert Gubo, Germany

Karel Halir, Czech Republic
Hristo Handjijski, Bu garia
Sergiy V. Harchuk, Ukraine
Werner Hasubick, Germany

Yuji Hashimoto, Hiroshima, Japan
Roberto Haver, Italy

Lars Trygve Heen, Norwa
Michael J. Hendrie, England
Vasyl M. Homyak, Ukraine

Tibor Horvath, Hungary

Kamil Hormoch, Czechoslovakia
Petr Hynek, Czech Republie
Georgi Iliev, Bulgaria

Andriy S. Ishchen o, Ukraine
Vladimir Ivanov, Russia

Marcin Jarski, Poland

Ivajlo Jordanov, Bulgaria
Andreas Kammerer, Germany
Taichi Kato, K oto, Japan
Sandor Keszthe yi, Hungary
Krzysztof Kida, Elblag, Poland
Kazuo Kinoshita, Japan

Laszlo Kiss, Sze%ed, Hungary
Juro Kobayashi, umamoto, Japan
Michail Xojchev, Bulgaria

Jiri Konecny, Czech epublic
Attila Kosa-Kiss, Romania
Vladimir A. Kozlov, Ukraine

KRYO2
KWI
KYs
LANOZ2
LEHO1
*«LIB
LOU
LUK0O4
MAI
MANO1
MARO2
MAR12
MAR19
MAR20
MATO6
MCK
MENO3
MEY
MIK
MILO2
MIYO1
MOE
MORO4
M0S03
NAGO2
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NAGOS
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NAU
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0KS
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*PEN
PERO1
PI0O1
PLEO1
PLS
POD
POPO1
'POROS
RADO1
RED
RES
RODO1
ROGO2
ROM
ROQ
ROTO1
*SALO1
SANO4
SANO7
SARO2
*SCH14
SCI
*SCU
SEA
SEAO01
SER
SHAO2
SHI
SIW
SIWo1
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37
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35
37
37
37
13
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34
38
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07
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28

16

37
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16
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42
i6
16
07
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18
34

18
18
23
23
34
40
17
37
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13

42

23
42
38
32
32
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07
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14
42
07
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18
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Washington Kryzanowski, Uruguay
Maciej Kwinta, Krakow, Poland
J. Kysely, Czech Republic
Zsolt Lantos, Budapest, Hungary
Kostayntyn S. Lehman, Ukraine
Jan Libich, Czech Republic
Romualdo Lourencon, Brazil
I§ur Lukyanyk, Ukraine
Alexander S. Maidic, Ukraine
Vladimir Man’ko, Ukraine

Jose Carvajal Martinez, Spain
Leszek Marcinek, Poland
Alexander Marinov, Bulgaria
Fernando Martin, Madri » Spain
Leslaw Materniak, Poland
Richard McKim, England

Haldun I. Menali, Turkey

Maik Meyer, German

Herman Mikuz, Slovenia
Giannantonio Milani, Italy
Osamu Miyazaki, Japan

Michael Moeller, Germany
Vladimir G. Mormyl, Ukraine
Yurij A. Moskalenko, Ukraine
Takashi Nagata, Akashi, Japan
Kazuro Nagashima, Japan
Yoshimi Nagai, Matsumoto, Japan
Akimasa Nakamura, Kuma, Japan
Kouji Naniwada, Tokyo, Japan
Alexandr V. Naumov, Ukraine
Vitali §S. Nevski, Belarus
Fumihiko Dhmori, Jagan

Takuma Dka, Tokyo, agan
Gabriel Oksa, Slovak epublic
Arkadiusz 0lech, Poland

Stephen 0’Meara, MA, U.S.4.

Rok Palcic, Kamnik, Slovenia
Mieczyslaw L. Paradowski, Poland
Swetlana Peneva, Bulgaria
Alfredo J. S. Pereira, Portugal
Marek Piotrowski, Poland

Janusz Pleszka, Poland

Martin Plsek, Czech Republic

M. Podzorny, Czech Republic
Kostadin Popanastasov, Bulgaria
Joao Porto, Azores Is., Portugal
Veselka Radeva, Bulgaria

Sergei Red’ko, Kiev, Ukraine
Maclej Reszelski, Poland

Diego Rodriguez, Spain

John H. Rogers, England
Aleksandr N. Romancev, Belarus
Paul Roques, AZ, U.S.A.

Michal Rottenborn, Czech Repub.
Mihail Saltanov, Minsk, Belarus
Juan M. San Juan, Madrid, Spain
Gabor Santa, Hungary

Krisztian Sarneczky, H
Vladislav Schiderov, Bulgaria
Tomasz Sciezor, Poland

Virgil V. Scurtu, Romania

David 4. J. Seargent, Australia
John Seach, Australia

Ivan M. Sergey, Belarus
Jonathan D. Shanklin, England
Hiroyuki Shioi, Yachiyo, Japan
Ryszard Siwiec, Poland

Michal Siwak, Tuchow, Poland
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SKI 24 0ddleiv Skilbrei, Norway

*SLI01 37 Bogdan V. Slipachok, Ukraine
SMI08 15 T. Smith, Keetmanshoop, Namibia
S0C 18 Krzysztof Socha, Poland

SPE0O1 18 Jerzy Speil, Poland

SPR Christopher E. Spratt, Canada
*SRA 32 Marta Sragner, Pecs, Hungary
STO Enrico Stomeo, Italy

SWI 18 Mariusz Swietnicki, Poland

SZA Sandor Szabo, Sopron, Hungary
*SZA05 18 Konrad Szaruga, Telatyn, Poland
SZEO2 32 Laszlo Szentasko, Hungary
*TAKO6 16 Shin Takeda, Habikino, Japan
TANO2 Tony Tanti, Malta

TAY 07 Melvyn D. Taylor, England

THOO3 24 Steinar Thorvaldsen, Norway

T0D 16 Hiroyuki Toda, Okayama, Japan
*TOL 07 Alin Tolea, Romania
*T0Y 16 Takehiro Toyoshima, Japan

TRI Josep M. Trigo Rodriguez, Spain

Comet C/1992 F1 (Tanaka-Machholz)

RF AP.
S 8.5 sC 6.
S 7.3 sC 6.
S 8.6 SC 6.

DATE (UT) N MM MAG.
1992 05 03.03
1992 05 10.03

1992 05 23.88
Comet C/1994 J2 (Takamizawa)

DATE (UT) W"MM MAG. RF AP.
1996 12 03.64 C 17.9 GA 60.
1997 01 11.58 C 17.4 GA 60.
Comet C/1995 01 (Hale-Bopp)

DATE (UT) N MM MAG. RF AP
1995 07 28.94 S 10.3 NP 44.
1995 07 30.96 S 10.4 NP 44
1995 07 30.96 S 10.5 NP 44.
1996 04 12,74 B 8.6 § 20.
1996 04 21.77 B 8.5:§ 20.
1996 04 27.76 B 8.3 s 20.
1996 06 16.76 B 7.1 8§ 3
1996 06 17.90 S 6.6 S 20
1996 06 20.41 S 7.3 AA 21.
1996 06 21.09 S 7.0 AA 21,
1996 06 24.05 S 7.0 AA 21.
1996 07 05.80 5 6.5 § 20
1996 07 14.90 B 6.0 § 15
1996 07 15.83 S 6.3 5 20
1996 07 19.96 S 6.3 S 10
1996 07 19.97 S 6.7 TI 10
1996 07 20.01 B 6.0 s 15
1996 07 20.89 S 6.7 TI 10
1996 07 20.91 S 6.3 § 10
1996 07 21.87 S 6.3 § 10
1996 07 22.88 S 6.2 8§ 10
1996 07 22.89 S 6.1 TI 7
1996 08 01.86 S 6.5 § 10
1996 08 05.85 S 6.0 S 10
1996 08 06.70 S 5.6 S 20
1996 08 08.86 S 6.8 5 10
1996 08 08.87 M 5.6 S 15
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Mitsunori Tsumura, Japan
Vince Tuboly, Hungary
Taschko Valchev, Bulgaria
Gabriele Vanin, Italy

Valcho Vasilev, Bulgaria
Valentin Velkov, Bulgaria

Peter Velestschuk, Ukraine

Marie Vetrovcova, Czech Republic
Catarina Vitorino, Portug
Richard Walters, Switzerland
Shinsyo (Shinsho) Washi, Japan
Robert Wlodarczyk, Poland
Shigeru Yoshida, Japan

Katsumi Yoshimoto, Japan

Seiichi Yoshida, Ibaraki, Japan
Mauro Vittorio Zanotta, Italy
Hans Zekl, Einhausen, Germany
Michal Zifcak, Czech Republic
Vladimir Znojil, Czech Republic

TATL
0.04

PA  0BS.
MANO1
MANO1

MANO1

TAIL PA 0BS.
NAKO1

NAKO1

PA  0BS.
MARO2
MARO2
RODO1
NAGO4
NAGO4
NAGO4
NAGO4
o002
KRY02
KRY02
KRYO2
C0002
SMIO08
Cc0002
HALO4
VETO1
SMIO8
VETO1
HALO4
HALO4
HALO4
VETO1

. HALO4
HALO4
0002
HALO4
SMI0S8

40
10
10

10

130
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Comet C/1995 01 (Hale-Bopp)
N MM MAG.

DATE
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1956
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
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1996
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[cont.]

AP.
.0

T
B
B
L
L
B
B
B
B
C
B
B
L
B
B
B
B
B
L
B
B
B
B
B
B
L
B
E
L
L
B
B
E
R
R
B

B
B
B
B
B
B
B
R
B
B
B
B
B
B
L
L
B
B
L
R
L
R
R
B
B
L
L
B
B
B

101

F/ PWR

1
1

[y
W00 D

B OB O B O 00N

w0

3
3

~-~

e Y YR

8
25
83
80
25
25
25
25
45
10
25
48

8
25
25
10
12
80
20
12
10

8
12

8
48
12

1
48
80
12
10

1
40
40
10
25
25
10
12
25
25
25
80
25
25
12

8
12

8
32
32
12
20
32

6
32

6

6
25
25
32
32
25
25
10

COMA
15
18
12
15

15
19

20

11
11

13

15
12

22

NWwWoo @

12

INTERNATIONAL

bC

U O~NO (¥ B - A~

%))

~

B NN oINS T
~

> M n

o 0 n;m
~ ~

DUITNANT U OO D D
N

~

ooy
~

TAIL PA

1.2 130

.45 m 115

2.0 125

2.0 130
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0BS.
FREO1
VETO1
0002
SMI08
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FREO1
IVA03
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL PA OBS.

1996 10 15.75 S 5.3: SC 15 R 13 40 2 6 0.50 50 EHEN

1996 10 15.80 S 4.7: SC 5.0 B 10 20 6 MCK

1996 10 15.80 S 5.8 S 5.0B 10 ENT

1996 10 16.45 B 6.2 A 7.0B 10 NAGO4
1996 10 16.75 M 5.4 AL 5.0 B 12 17 5/ TANO2
1996 10 17.66 S 4.9 M 11 L 7 32 6 IVAO3
1996 10 19.74 S 5.4 TI 10 B 4 25 10 5 ROTO1
1996 10 21.38 S 4.7 AL 5.0B 100 9 2 SEAO1
1996 10 23.76 S 6.9 S 10 B 4 25 7 5 0.40 85 HALO4
1996 10 25.40 S 5.2 AL 5.0B 10 7 4 10 m SEA01
1996 10 26.39 S 5.1 AL 5.0B 10 5 3 SEA01
1996 10 27.71 S 4.8 S 5.0B 10 5 0002
1996 11 01.75 S 4.7 AL 0.0 E 1 12 HAV

1996 11 02.72 S 46 S 5.0B 10 4 0002
1996 11 04.41 S 5.8 AL T.0B 10 NAGO4
1996 11 07.73 M 5.0 AA 5.0B 12 19 6 TANO2
1996 11 09.41 S 4.7 AL 5.0B 10 6 S6 1.4 80 SEAO1
1996 11 11.63 S 4.6 AL 3.0R 5 6 8 6 IVAO3
1996 11 11.63 S 4.6 AL 11 L 7 32 6 IVAO3
1996 11 13.76 S 5.0: SC 15 R 13 100 2 6 HEN

1996 11 14.63 S 4.5 AA 11 L 7 32 6 IVAO3
1996 11 14.64 S 4.5 AL 3.0R 5 6 8 6 IVAC3
1996 11 15.63 S 4.5 A 11 L 7 32 4 IV403
1996 11 21.69 S 4.9 TI 10 B 4 25 20 7 0.42 280 ROTO1
1996 11 22.63 S 4.4 AL 3.0R 5 6 6 5 0.5 IVA03
1996 11 22.63 S 4.4 AA 11 L 7 32 4 IVAO3
1996 11 22.69 a M 4.4 S 5.0B 10 15 6/ 1 70 HORO2
1996 11 22.70 a M 3.9 S 0.0 E 1 20 4 HORO2
1996 11 24.72 ' S 4.5 AL 5.0 B 10 7.5 6 HAV

1996 11 30.64 S 4.5 AL 11 L 7 32 7 6 0.47 IVA03
1996 11 30.72 _ B 4.6 AL 0.0 E 1 VANOS
1996 11 30.72 M 4.9 AL 5.0B 10 8 5 0.3 80 VANO6
1996 12 01.63 S 4.4 AA 3.0R 5 6 11 6 0.5 IVA03
1996 12 01.63 S 4.5 AA 11 L 7 32 7 6 0.47 IVAO3
1996 12 01.70 S 4.5 Y 10.0C 10 40 10 5 0.5 75 HOR

1996 12 01.72 M 4.8 AL 5.0B 10 8 5 0.5 67 VANO6
1996 12 01.72 ! S 4.1 AL 5.0 B 10 9 6 0.4 60 EHAV

1996 12 01.73 S 40 Y 7.2R 7 20 15 4 0.5 24 TUB

1996 12 02.72 B 4.6 AL 0.0E 1 VANOS
1996 12 02.72 M 4.8 AA 5.0B 10 6 6 0.4 60 VANO6
1996 12 03.37 B 5.2 A4 T7.0B 10 NAGO4
1996 12 03.40 20.0C 9 45 5.3 7 1.8 42 NAGO4
1996 12 04.63 S 4.4 A 3.0R 5 6 12 6 0.5 IVAO3
1996 12 04.69 S 4.3 S 10 B 4 25 5 6 0.67 55 HALO4
1996 12 04.70 S 4.7 TI 10 B 4 25 15 7 0.42 280 ROTO1
1996 12 04.71 S 4.5 Y 10.0C 10 40 10 5 0.5 70 HOR

1996 12 04.73 M 4.7 AL 5.0B 10 6 7 0.5 65 VANO6
1996 12 04.75 S 5.5: 44 6.0 B 13 2.5 6 0.50 40 HEN

1996 12 04.76 M 4.4 AL 5.0B 12 21 6 2.4 58 TANO2
1996 12 05.63 S 4.2 M 3.0R 5 6 12 6 0.5 IVAO3
1996 12 05.72 S 5.0: AA 15 R 13 100 7 HEN

1996 12 05.73 S 4.0 AL 5.0B 8 20 6 0.67 30 BEA

1996 12 07.64 S 4.2 MM 3.0R 5 6 12 6 0.5 IVA03
1996 12 07.72 ! S 4.2 AA 8.0 B 20 11 7 1.5 50 EAV

1996 12 08.37 B 4.5: 44 T7.0B 10 >1 NAGO4
1996 12 12.62 S 4.1 M 3.0R 5 6 12 6 0.6 IVAO3
1996 12 13.73 S 4.7 AL 6.0B 13 3 6 >0.5 50 HEN

1996 12 14.37 B 4.2 AA T7.0B 10 NAGO4
1996 12 14.62 S 4.1 AA 3.0R 5 6 14 6 0.9 IVAO3
1996 12 16.66 B 4.2 AA 50R 5 7 8 6 X0z

1996 12 16.69 S 4.7 AL 3.0 B 8 12 S5 5 58 . CSU

1996 12 20.60 S 3.9 MM 3.0R 5 6 14 6 0.9 IVA03
1996 12 26.67 S 3.7 SC 8.0B 12 14 ss/ 0.8 13 ISHO3
1996 12 27.66 B 4.6: MM 5.0B 7 5 HOM

1996 12 28.66 S 3.6 SC 8.0B 12 14 ss/ 0.8 10 ISHO3
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR CoMA DC  TAIL Pa 0BS.
1996 12 28.67 B 4.7: 44 5.08B 7 6 4 HOM
1996 12 28.69 a0 4.4: Y .0 B 7 10 7 KYS
1996 12 28.70 a S 3.6 A2 5.0 B 10 11 6 0.8 MEY
1996 12 30.68 a 0 4.0: Y 5.0 B 7 10 KYS
1997 01 06.69 a M 3.2 § 8.0 B 10 11 5 1.0 HORO2
1997 01 07.14 B 3.5 BD 5.0B 7 8 6 0.4 MORO4
1997 01 07.26 S 3.7 4A 5.0B 8 40 6 1.20 30 BEA
1997 01 08.14 B 3.5 EHD 5.0B 7 8 6 0.4 MORO4
1997 01 08.21 M 3.5 Y 5.0 B 10 15 s7 0.5 0 SANo7
1997 01 09.88 S 3.5: 44 7.0B 10 5 6 TAKO6
1997 01 10.87 S 3.5: A4 17.0L 5 45 5 6 TAKO6
1997 01 12.14 B 3.4 BD 5.08B 7 10 7 0.4 10 MORO4
1997 01 12.21 5.0 B 10 6 7 0.5 65 VANO6
1997 01 12.21 M 3.0 A4 3.8B 4 VANO6
1997 01 12.88 S 3.3 AA 17.0L 5 36 12 7 25 m 30 TAKO6
1997 01 13.14 B 3.4 BD 65.0B 7 10 7 0.5 10 MORO4
1997 01 13.21 B 2.7 A4 0.0E 1 ELT
1997 01 14,21 8.0 B 11 T 4 1.5 325 sToO
1997 01 14.21 B 2.7 B4 O0.0E i STO
1997 01 14.21 wB 2.7 AL 0.0 E 1 VANO6
1997 01 14.22 8.0 B 20 5 8 0.3 360 VANO6
1997 01 14.23 § 2.7 § 10 B 4 25 6 7 0.67 40 HALO4
1997 01 14.25 a S 2.9 s¢ 5.0 B 7 11 7 0.8 350 OKs
1997 01 14.28 S 3.1 AL 5.0B 8 40 6 1 30 BEA
1997 01 16.20 a M 2.8 AL 5.0 B 12 5/ 2.0 332 TANO2
1997 01 16.21 a M 2.9 S 5.0 B 7 25 5 2.0 _POD
1997 01 16.23 5 2.3 S 10 B 4 25 10 7 0.43 20 HALO4
1997 01 16.28 S 3.5 MM 0.0E 1 40 7 DIE02
1997 01 16.87 S 3.1 AA 17.0L 5 36 7 6 15 m 30 TAKO6
1997 01 17.14 B 3.3 HD 5.0B 7 10 7 0.5 350 MORO4
1997 01 17.20 a M 2.8 aa 5.0 B 12 20 5/ 2.0 336 TANO2
1997 01 17.21 w B 2.5 AA 0.0 E 1 VANOS
1997 01 17.22 8.0 B 20 5 8 0.4 345 VANO6
1997 01 18.20 a B 2.8 AL 0.6 E 1 MEY
1997 01 18.20 a M 2.9 AA 5.0 B 10 11 D5/ 1.6 MEY
1997 01 18.84 I 3.0 8 0.0 E 1 TOY
1997 01 19.20 a M 3.0 a4 5.0 B 12 5/ 1.5 343 TANO2
1997 01 19.28 S 3.1 AA 5.08B 8 40 6 1 350 BEA
1997 01 19.88 S 3.3 A4 5.0B 7 10 TOD
1997 01 20.20 a M 2.8 A4 5.0 B 12 17 6 TANO2
1987 01 20.86 B 3.0 BS 3.5B 7 6 OEM
1997 01 20.86 S 3.1 AA 17.0L 5 36 8 6 20 m 10 TAKO6
1997 01 21.20 a M 2.8 A4 5.0 B 12 15 6 TANO2
1987 01 21.25 S 2.7 YF 3.0B 8 18 7 2.5 345 ENT
1997 01 21.25 S 3.0 AA 5.08B 8 40 7 1 350 BEA
1997 01 21.25 a s 2.6 SC 5.0 B 7T 10 7/ 1.0 340 O0OKS
1997 01 22.22 a M 2.5 s 0.0 E 1 30 7 0.5 325 PLS
1997 01 22.26 ' M 2.8 § 5.0 B 12 6 s7/ 1 GONO5
1997 01 22.27 S 3.0: SC 3.0B 8 15 7 1.08 10 DINOi
1997 01 22.84 I 3.3 s 7.0B 10 TOY
1997 01 23.15 ! B 3.4 sC 5.0B 6 7 12 4 0.4 2 FILOS
1997 01 23.15 1§ 3.4 SC 5.0 B 6 7 12 4 0.4 2 FILO5
1997 01 23.16 B 2.9 AL 5.0B 7 9 3 0.3 HOM
1997 01 23.16 ' B 3.5 SC 7.0 R 6 60 15 -4 0.5 357 FILos
1987 01 23.19 B 3.7 AA 5.08B 7 13 S7 1.5 330 VELO3
1997 01 23.19 G 3.5 AL 0.0E 1 4 VELO3
1997 01 24.25 S 2.6 sC 6.3B 9 8 8 0.42 350 DINO1
1997 01 24.84 5 3.3 s 3.5 B 7 : : : T0Y
1997 01 24.87 B 3.0 HS 3.5B 7 7 OHM
1987 01 25.16 B 2.8 a4 2.08B 2 12 8 K0Z
1997 01 25.16 B 2.9 A4 50R 5 7 10 7 X0z
1997 01 25.17 B 3.0 AA 10.0B 4 12 38 7 1.2 336 K02
1997 01 25.19 B 3.3 A4 5.0B 7 13 D7 1.5 321 VEL03
1997 01 25.19 G 3.3 A4 0.0E 1 VELO03
1997 01 25.19 5 2.7 A4 5.0B 10 58 1 SCU
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL ©PA OBS.
1997 01 25.30 B 3.2 SC O0.7TE 1 15 5 0.5 ROGO2
1997 01 26.14 B 3.2 HD 5.0B 7 10 7 0.5 335 MOR04
1997 01 26.17 S 2.8 SC 8.0B 12 15 S6 0.6 340 ISHO3
1997 01 26.18 M 2.5 Y 5.0B 10 10 S8 2 310 SANO7
1997 01 26.18 S 2.9 SC 0.0E 1 10 S6 0.6 340 ISHO3
1997 01 26.19 B 3.3 AA 5.0 B 7 13 s7 1.0 331 VELO3
1997 01 26.19 G 3.3 AL 0.0 E 1 VELO3
1997 01 26.19 M 2.5 Y 6.0B 20 25 54 2 LANO2
1997 01 26.19 S 2.5 Y 0.0E 1 25 54 2 LANO2
1997 01 26.19 S 3.0 AMA 5.0B 7 14 S9 8 320 KOS
1997 01 26.19 a M 3.1 Y 5.0 B 7 12 7 >3 335 KYS
1997 01 26.21 a M 2.4 S 0.0 E 1 25 7/ 3.5 330 PLS
1997 01 26.21 a M 2.4 S 3 R 2 25 7/ HORO2
1997 01 26.21 a 0 2.6 SP 0.0 E 1 25 s/ 1.8 ZND
1997 01 26.22 a M 2.3 TI 5.0 B 7 20 6 1.0 DVO
1997 01 26.23 a M 2.6 Y 10 B 25 15 5/ 0.7 HYN
1997 01 26.25 S 3.0: AL 6.0B 13 3 >0.5 HEN
1997 01 26.26 S 3.0 YF 5.0B 10 14 7 2.0  ENT
1997 01 26.26 S 3.2 AL 7.0B 16 8 3 0.13 357 TAY
1997 01 26.30 B 3.3 SC 0.7E 1 15 5 ROGO2
1997 01 26.85 S 3.2 S 3.68 12 TOY
1997 01 26.87 B 2.9 §S 3.5B 7 7 OEM
1997 01 26.89 S 2.9 M 5.0B 7 TAXK06
1997 01 27.14 B 3.1 HD 5.0B 7 10 7 0.5 335 MORO4
1997 01 27.16 B 2.5 AL 5.0 B 7 9 6 0.5 HOM
1997 01 27.17 S 2.7 AL 5.0B 10 S8 1 SCU
1997 01 27.17 S 4.0 AA O0.TE 1 12 S3 2 294 CSU
1997 01 27.18 S 3.0 AA 6.3R 13 52 14 s9 10 320 K0S
1997 01 27.19 B 3.3 AL 5.0 B 7 13 S7 1.5 330 VELO3
1997 01 27.19 G 3.2 MM O0.0E 1 14 S5 VELO3
1997 01 27.19 S 2.0 S 10 B 4 25 8 7 0.67 340 HALOZ
1997 01 27.20 — M 2.5 Y 5.0 B 10 7 S8 1 320 SANO7
1997 01 27.20 S 2.4 TI 10 B 4 25 22 7 0.60 330 ROTO1
1997 01 27.84 S 3.3 S 3.6B 12 TOY
1997 01 28.16 B 1.8: AL 3.0 B 7 7 0.3 CHV
1997 01 28.18 B 2.9 SC 5.0B 10 VELO2
1997 01 28.18 M 2.5 SC 11.0 B 20 22 4 1.5 BAROS
1997 01 28.19 S 2.7 M 5.0B 10 S8 1 SCU
1997 01 28.20 a M 2.7 A 5.0 B 12 20 6 TANO2
1997 01 28.23 S 2.7 YF 3.0B 8 12 7 2.5 355 ENT
1997 01 28.26 S 2.6 AA 5.0B 8 45 7 1.30 320 BEA
1997 01 29.14 B 3.0 ED 5.0B 7 13 7 0.5 336 MORO4
1997 01 29.15 B 2.9 SC 5.0B 10 7 RADO1
1997 01 29.16 B 2.9 SC 5.0B 10 5 BORO5
1997 01 29.16 B 3.2 SC 5.0B 10 8 B0JO1
1997 01 29.17 B 1.2: A 5.0 B 7 14 7 0.7 HOM
1997 01 29.17 S 2.4 SC O0.0E 1 30 3 2 BAROG
1997 01 29.18 4 R T 2 7 8 0.28 310 TOL
1997 01 29.18 M 2.8 Y 0.0E 1 5 7 KESO1
1997 01 29.18 S 2.8 Y O0.0E 1 5 7 KESO1
1997 01 29.19 B 2.5 SC 5.0B 10 7 GRAO7
1997 01 29.19 S 2.9 SC 5.0B 7T 10 7 0.67 320 TOL
1997 01 29.20 S 2.5 Y O0.0E 1 25 s4 2 350 LANO2
1997 01 29.20 a M 2.8 AA 5.0 B 12 6/ TANO2
1997 01 29.87 S 2.5 A 5.0B 7T 12 6 50 m 310 TAKO6
1997 01 30.13 &S 2.8 S 5.0R 8 20 24 D6 1.6 330 BORO4
1997 01 30.17 S 2.5 SC 8.0B 12 18 56 1.0 330 ISHO3
1997 01 30.18 B 2.6 AL 2.0B 2 14 7 X0z
1997 01 30.18 B 2.8 AA 50R 5 7 12 7 X0Z
1997 01 30.18 M 2.8 Y 5.0B 10 8 S8 1 330 SANO7
1997 01 30.18 S 2.8 Y 5.0B 10 25 S8 1 330 . SANO7
1997 01 30.20 a M 2.5 AL 5.0B 12 7/ 2.5 327 TANO2
1997 01 30.21 wB 2.5 AA O.0E 1 VANO6
1997 01 30.22 8.0 B 20 5 6 0.4 3 VANO6
1997 01 30.85 S 33 S 358 7 T0Y
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL PA OBS.
1997 01 31.15 B 1.8 SC 8.0B 8 8 RADO1
1997 01 31.17 B 1.5 SC 8.0 B 8 6 BORO5S
1997 01 31.17 B 1.9 SC 8.0B 8 BOJO1
1997 01 31.18 B 2.6 SC 5.0B 10 VEL02
1997 01 31.19 B 1.7 SC 8.0B 8 6 GRAO7
1997 01 31.85 I 29 S 7.0B 10 TOY
1997 01 31.87 S 2.5 AL 5.0 B 7 9 6 1 310 TAK06
1997 02 01.14 B 3.0 HD 5.0B 7 13 7 0.5 320 MORO4
1997 02 01.15 M 2.7 A4 3.0R 4 7 10 5 0.5 MAT
1997 02 01.16 B 2.7 A 2.08B 2 14 8 K0Z
1997 02 01.16 B 2.8 AL 50R 5 7 12 8 K0Z
1997 02 01.17 B 1.8 AA 3.0B 7 7 0.5 337 CHV
1997 02 01.17 B 2.8 A4 10.0B 4 12 1o 8 1.3 327 X0z
1997 02 01.17 G 2.8 AA 0.0 E 1 8 X0Z
1997 02 01.18 S 24 Y 0.0E 1 7 7 0.3 300 KESO1
1997 02 01.18 S 2.7 AL 5.0B 10 S8 0.8 SCU
1997 02 01.19 B 3.0 AL 5.0 B 7 18 S7 1 325 VELO3
1997 02 01.19 G 3.0 AL 0.0 E 120 S5 VELO3
1997 02 01.19 S 2.4 AL 5.0B 10 9 8 3 320 MOE
1997 02 01.20 a M 2.2 TI 5.0 B 7 20 6/ 2.5 DVO
1997 02 01.20 a M 2.3 S 3 R 1 30 7/ 2.5 330 HORO2
1997 02 01.21 a M 2.1 S 3 R 1 25 7 2.5 330 PLS
1997 02 01.23 M 2.2 Y¢ 0.7 E 1 12 7 2.5 321 GRAO4
1997 02 01.23 ¥ 4.9 Y6 5.0B 10 12 7/ 4.5 321 GRAO4
1997 02 01.24 B 2.7 SC 0.0E 1 15 8 BIV
1997 02 01.24 S 2.2 Y6 O0.7TE 1 1 SKI
1997 02 01.24 a ¥ 2.2 Y 10 B 25 6 1.2 320 HYN
1997 02 01.85 12.5 B 20 10 8 1 330 TOY
1997 02 01.85 I 2.6 Y6 O0.0E 1 <20 8 Y0S04
1997 02 01.85 S 256 S 3.5B 7 TOY
1997 02 01.85 S 2.5 Y6 2.4B 10 18 7 0.6 330 Y0S04
1997 02 02.14 B 1.7 AL 3.0 B 7 7 0.7 338 CHV
1997 02 02.17 B 1.3 SC 5.0 B 10 BOROS
1997 02 02.17 B 1.9 SC 8.0B 8 B0JO1
1997 02 02.17 B 2.2 SC 5.0B 10 VELO2
1997 02 02.17 S 25 SC 4 R 7 2 12.5 g 0.58 300 TOL
1997 02 02.17 'B 2.0 Y 0.0 E 1 &15 S8 7 330 SARO2
1997 02 02.18 B 1.3 SC 8.0 B 8 7 GRAO7
1997 02 02.18 B 2.9 AL 5.0 B 7T 14 S8 1.5 317 VELO3
1997 02 02.18 G 2.9 AA 0.0 E 1 18 S6 1 VELO3
1997 02 02.18 S 2.5 A 5.0B 10 S8 1 SCU
1997 02 02.18 S 2.5 44 6.3R 13 52 14 s9 13 345 KOS
1997 02 02.19 , 5.0 B 7 6 7 0.60 300 TOL
1997 02 02.19 B 2.2 M O0.0E 1 &15 7 1.5 325 CHEO3
1997 02 02.19 S 2.3 M 5.0B 10 11 8 2.5 325 MOE
1997 02 02.19 a M 2.1 § 3 R 1 25 7 2 335 PLS
1987 02 02.19 a M 2.2 AL 5.0 B 12 22 8/ 3 322 TANO2
1997 02 02.19 a M 2.3 Ah 0.6 E 1 8 0.6 MEY
1997 02 02.19 a M 2.5 AL 5.0 B 10 13 s8 2.7 MEY
1997 02 02.20 B 1.8 S 0.0E 1 20 7 1.75 315 HALO4
1997 02 02.20 S 2.1 TI 10 B 4 25 20 7 0.67 330 ROTO1
1997 02 02.20 S 3.0 AA O0.7E 117 s3/ 7 313 CSU
1997 02 02.20 aM 2.2 S 3 R 1 30 7/ 2.5 330 HORO2
1997 02 02.20 a0 2.3 TI 0.0 E 1 30 7 2.8 ~ KONO6
1997 02 02.21 o 8.0 B 20 4 8 1.1 315 VANOE
1997 02 02.21 S 2.1 Y6 O0.TE 1 &15 7 1.5 SKT
1997 02 02.21 wB 2.3 AL 0.0 E 1 VANO6
1997 02 02.22 M 2.1 Y6 0.7E 1 12 7 GRAO4
1997 02 02.23 5.0 B 10 53 6 1.0 320 HAS02
1997 02 02.23 N 4.7 Y6 5.03B 10 14 7/ 4.0 325 GRAO4
1997 02 02.23 S 2.2 A O0.7E 1 BOU
1997 02 02.25 K 2.5 SC 3.0B 8 £6 312 WAL02
1997 02 02.25 M 2.8:SC 5.0B 10 7/  &0.5 GLT
1997 02 02.49 wM 2.2 YF 0.0 E 1 9 1.5 312 ADAO3
1997 02 02.49 wM 2.3 YF 5.03B 7 &15 S8 3.0 312 ADAO3
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  OBS.
1997 02 02.55 M 2.2 SC O0.0E 1 5 OME
1997 02 03.13 G 2.6 AL 0.0E 1 GERO1
1997 02 03.14 S 2.0 SC 0.0E 1 30 3 2 BARO6
1997 02 03.15 B 2.4 AL 5.0B 7 &7 7 0.7 HOM
1997 02 03.15 B 2.7:SC 3.5R 5 30 4 7 0.13 322 APE
1997 02 03.16 B 1.5 AL 3.0B 7 7 0.7 339 CHV
1997 02 03.16 B 2.1 SC 6.0L 10 25 20 S6 1.3 315 ISHO3
1997 02 03.16 M 2.5 Y 11.0L 8 36 S6 HOR
1997 02 03.16 S 25 Y 0.0E 17 S8 5 330 SANO7
1997 02 03.17 B 1.9 SC 0.0E 1 30 3 2 BARO6
1997 02 03.17 B 2.0: SC 0.0E 1 &30 D4 &2 320 MANO1
1997 02 03.17 w I 2.0 SC 0.0 E 1 0.6 FILOS
1997 02 03.17 wS 2.3: SC 5.0B 6 7 &7 4 0.9 FILO5
1997 02 03.18 B 2.6 AA 5.0B 7 14 S8 4 320 VELO3
1997 02 03.18 ¢ 2.5 AA 0.0E 1 S6 3 320 VELO3
1997 02 03.18 S 3.0 M O0.TE 117 s3/ 11 303 CSU
1997 02 03.18 a M 2.1 AL 5.0 B 12 18 8 2.3 321 TANO2
1997 02 03.19 ' V 2.0 YF 6.44 3 a 5 &50 7  £2.5 320 MIK
1997 02 03.19 =a 0 2.2 TI 0.0 E 1 30 7 3 KONO6
1997 02 03.20 B 2.3 S 0.0E 117 7 1.20 310 HALO4
1997 02 03.20 K 2.5 SC 25 L. 4 40 10 315 WALO2
1997 02 03.20 S 2.5: A4 O0.TE 1 15 5 1.5 GILO1
1997 02 03.20 ! V 2.0 YF 2.34 4 a 30 &60 7 &3 320 MIK
1997 02 03.20 a M 2.3 S 3 R 2 25 7/ 3 330 HORO2
1997 02 03.21 a0 1.9 SP 0.0 E 1 15 6/ 2.0 ZND
1897 02 03.22 S 1.9 TI 10 B 4 25 18 7 0.60 335 ROTO1
1997 02 03.22 a ¥ 2.3 TI 5.0B 7 20 6 2 DVO
1997 02 03.23 S 2.0 Y6 O0.7E 1 1.5 SKI
1997 02 03.23 ! S 2.3 AA 5.0 B 7 5 8 2 319 SHAO2
1997 02 03.24 S 2.3 SC 6.3 B 9 10 8 1.25 315 DINO1
1997 02 03.24 ! S 2.5 AR O.TE 1 4 8 SHAO2
1997 02 03.24 &S 2.0 SC 0.6 E 1 15 7 5.5 330 OKS
1997 02 03.25 G 2.6 SC 6.0B 13 7 >1.5 320 HEN
1997 02 03.27 S 2.5 AA 7.0B 16 9 D3 1.2 330 TAY
1997 02 03.28 B 2.4 S 5.0B 7 40 6 TRI
1997 02 03.30 B 2.4 SC O0.7TE 1 24 5 &1.5 ROGO2
1997 02 03.46 a G 2.2: SC 0.0 E 1 10 8/ CREO1
1997 02 03.84 15.0 B 25 >60 5 2.5 325 FUK02
1997 02 03.84 B 2.3 Y6 0.0E 1 KATO1
1997 02 03.84 B 2.5 Y6 3.5B 7 14 7 1.5 300 OHM
1997 02 03.84 G 2.3 S 0.0E 1 FUK02
1997 02 03.85 B 2.3 Y6 O0.0E 1 <20 S5 1 310 Y0504
1997 02 03.85 I 2.6 S O0.0E 1 TOY
1997 02 03.85 S 2.1 Y6 2.4B 10 12 7 1.6 310 Y0S04
1997 02 03.86 S 2.1 Y6 O0.0E 1 15 7/ 1.5 300 NAGO8
1997 02 04.13 &B 2.6 S 5.0R 8 20 24 D6 1.6 325 BORO4
1997 02 04.14 B 2.9 HD 5.0B 7 15 7 1 305 MORO4
1997 02 04.14 S 1.8 SC O0.0E 1 40 3 3 BARO6
1997 02 04.16 B 1.5 AL 3.0 B 7 7 1 340 CHV
1997 02 04.16 S 2.3 AL 5.0B 10 S8 2 SCU
1997 02 04.17 B 1.9 SC 0.0 E 1 30 D4 &2 320 MANO1
1997 02 04.17 S 3.0 AL O0.7E 117 s3/ 11 301 CSU
1997 02 04.17 w I 2.0 SC 0.0E 1 1.0 FILO5
1997 02 04.17 w S 2.2: SC 5.0B 6 7 10 4 1.3 FILO5
1997 02 04.18 B 2.1 AL 0.0 E 1 k13 7 1.0 325 CHEO3
1997 02 04.18 B 2.6 AA 5.0B 7 12 S8 3 317 VELO3
1997 02 04.18 G 2.5 AL O0.0E 1 S5 VELO3
1997 02 04.18 S 2.0 AL 5.0B 7 14 S9 15 320 K0S
1997 02 04.18 !V 1.9 YF 6.44 3 a 2 250 7 82.5 320 MIK
1997 02 04.18 wB 1.5 SC O0.0E 1 8 1 BORO5
1997 02 064.21 'V 1.9 YF 2.3 4 4220 &60 7 &3 320 MIK
1997 02 04.22 , 8.0 B 20 6 7 1 305 ~ VANO6
1997 02 04.22 wB 2.1 AL O0.0E 1 VANO6
1997 02 04.23 S 1.9 Y6 O.7E 1 8 1.5 SKI
1997 02 04.25 M 22 S 508 12 12 S8 2.5 GONOS5
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DATE (UT

) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA OBS.
1997 02 04.29 E 1

B 1.8 s 0.0 8 TRI
1997 02 04.29 B 2.0 s 5.0 B 7 50 6 3 340 TRI
1997 02 04.31 M 2.2:sC 5.0B 10 &45 6/ &1.0 315 POROS
1997 02 04.65 M 2.0 s€C 0.0E 1 5 OME
1997 02 04.72 ' M 2.1: Y6 5.0 B 10 10 7 GRAO4
1997 02 04.72 ' N 4.4 YG 5.0B 10 GRAO4
1997 02 04.83 I 2.4 5§ 0.0 E 1 TOY
1997 02 04.84 B 2.5 Y6 0.0E 1 <15 S5 Y0S04
1997 02 04.84 S 2.4 YG 2.4B 10 12 7 0.8 320 Y0S04
1997 02 04.85 B 2.5 AL 4.2 B 7 7 HASO8
1997 02 04.85 5 2.1 Y6 O0.0E 1 &12 7/ NAGOS8
1987 02 04.86 G 2.2 AA 0.0E 1 Y0S02
1997 02 04.86 M 2.3 AA 3.5B 7T 15 7 1.6 310 Y0S02
1997 02 04.86 S 2.2 A4 0.0E 1 8 HASO8
1997 02 04.86 S 2.3 AL T7.0B 10 7 FUKO1
1997 02 04.86 a B 2.3 YG 0.0 E 1 NAKO1
1997 02 05.10 & B 2.7 S 50R 8 30 24 D5/ 1.5 325 BOR04
1997 02 05.11 M 2.3 A4 3.0R 4 7 12 5 0.5 MAI
1997 02 05.12 B 2.8 HD 5.0B 7 15 7 1 305 MORO4
1997 02 05.14 G 2.4 AL O0.0E i GERO1
1997 02 05.15 S 2.3 AA 5.0B 10 S8 SCu
1997 02 05.15 w B 2.3 SC 5.0 B 10 8 VEL02
1997 02 05.17 wB 1.5 SC 5.0 B 10 8 1.5 BOROS
1997 02 05.17 wB 1.7 SC 0.0 E 1 8 GRAO7
1997 02 05.17 wB 2.2 SC 0.0 E 1 6 BOJO1
1897 02 05.18 wB 2.0 SC 5.0 B 10 7 MAR19
1997 02 05.19 a M 1.9 AA 5.08B 12 19 8 2.5 318 TANO2
1997 02 05.22 S 1.8 Y6 0.TE 1 8 1.5 SKI
1997 02 05.23 M 2.0 Y6 0.7E 1 12 7 GRAO4
1897 02 05.24 5.0 B 10 10 7/ 3.0 320 GRAO4
1997 02 05.25 S 2.2 SC 6.3B 9 9 8 1.25 315 DINO1
1997 02 06.25 'S 1.9 aA 5.0B 7 12 8 1.3 314 SHA02
1997 02 05.25 "T's 2.1 AA O0.7TE 1 12 7 1.3 315 SHA02
1997 02 05.26 G 2.5 SC 0.7E 1 10 7 >1.5 320 HEXN
1997 02 05.27 B 1.7 § 0.0 E 1 30 8 1 310 TRI
1997 02 05.28 B 1.9 s 5.0 B 7 50 6 3 310 TRI
1997 02 05.87 S 2.2 AA 5.0B 7T 10 6 1 310 TAKO6
1997 02 06.19 a M 2.1 AA 5.0B 12 16 9 3 311 TANO2
1997 02 06.20 B 2.1 s 0.0 E 1 20 7 1.30 300 HALO4
1997 02 06.22 M 2.0 YG O0.7TE 1 12 7 GRAO4
1997 02 06.22 N 44 Y6 65.08B 10 10 7/ 4.0 324 GRAO4
1997 02 06.22 S 1.8 YG 0.7TE 1 2 SKI
1997 02 06.22 S 2.0 TI 10 B 4 25 20 6 ROTO1
1997 02 06.22 s M 1.7 SC 0.0 E 1 &8 7/ &2.0 325 GLI
1997 02 06.24 B 2.5 SC 0.0E 1 15 7 BIV
1997 02 06.25 B 1.8 S 0.0 E 1 30 8 1 300 TRI
1997 02 06.25 B 2.0 s 5.0B 7 40 6 2 300 TRI
1997 02 06.25 M 2.1 S 5.0 B 12 10 s8/ 3 GONO5
1997 02 06.31 M 1.9 SC 5.0B 10 &35 7 &1.2 320 POROS
1997 02 06.83 B 2.2 § 2.5 B 8 0.8 320 TOY
1997 02 06.85 B 2.2 Y6 O0.0E 1 <30 S5 b 310 Y0S04
1997 02 06.85 S 1.9 AA O0.0E i 20 7 2 310 NAGOS
1997 02 06.85 S 2.1 YG 2.4B 10 14 7 0.6 300 Y0S04
1987 02 07.12 B 2.7 HD 3.5B 7 15 st/ 2 316 HARO9
1997 02 07.12 B 2.7 HD 5.0B T 18 s7/ 3 320 MDRO4
1997 02 07.12 M 2.2 A 3.0R 4 7 12 5 0.5 MAT
1997 02 07.16 ! B 1.5 Y 0.0 E 1 &20 58 20 315 SAR02
1987 02 07.18 5 2.0 Y 0.0 E 1 14 8 0.9 290 KESO1
1997 02 07.19 M 2.0 8 3 R 1 35 7 3 335 PLS
1997 02 07.19 S 1.6 TI 0.8 E i 20 7/ 0.5 VETO1
1997 02 07.20 6.3 B 9 15 58 3.5 327 XAMO1
1997 02 07.20 a M 1.9 S 3 R 1 25 7/ 2 330 . HORO2
1997 02 07.20 w G 1.7 AA 0.6 E 1 KAMO1
1997 02 07.21 'V 1.8 YF 6.44 3a 2 g40 7 &3 320 MIK
1997 02 07.21 a M 1.9 TI 5.0B 7 20 6/ 3 DVO
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DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL P4 OBS.
1997 02 07.22 5.0 B 7 15 7/ 6 319 SKI
1897 02 07.22 S 1.7 Y6 O.TE 1 8 2.5 SKI
1997 02 07.22 S 2.0 TI 16 B 4 25 20 6 1.00 ROTOL
1997 02 07.22 wM 1.9 SC 0.0E 1 &10 7/ %4 325 GLI
1997 02 07.23 B 1.7 S 0.0 E i 30 8 1 315 TRI
1997 02 07.23 B 1.8 § 5.0B 7 40 6 2.5 315 TRI
1997 02 07.25 B 1.8 S 5.0 B 7 50 6 4 350 RODO1
1997 02 07.25 B 2.4 SC 0.0E 1 20 7 BIV
1997 02 07.26 s B 1.9 S 5.0B 7 40 8 1.5 290 MAR20
1997 02 07.41 a B 1.6 AA 0.0 E 1 8/ ‘&1 GRE
1997 02 07.73 ' M 1.8: Y6 5.0B 10 10 7/ 0.6 GRAO4
1997 02 07.75 !'5 2.6 AAb 7.0B 16 7 3 TAY
1997 02 08.12 B 2.6 ED 3.5B 7 15 s7/ 3 315 HARO9
1997 02 08.145 wB 2.0 SC 0.0 E 1 8 RADO1
1997 02 08.16 S 1.7 SC O.0E 1 40 3 3 BARO6
1997 02 08.16 S 1.7 sC 8.0B 12 25 S6 2.1 318 1ISHOS
1997 02 08.17 B 1.7 § 0.0 E 1 12 7 0.70 300 BHALO4
1997 02 08.17 5 1.5 sC O0.0E 1 40 3 3 CHU
1997 02 08.17 S 2.0 AA 5.0B 10 9 8 4.5 330 MOE
1997 02 08.17 wB 1.9 SC ©5.0B 10 8 RADO1
1997 02 08.18 18 1.5 AL 0.8 E 1 15 7 4 318 SEA02
1997 02 08.19 'V 1.7 YF 6.44 3 a 2 &40 7 &3 320 MIX
1997 02 08.19 a M 1.9 Y 0.0 E 1 15 7 KYS
1997 02 08.19 a 0 1.7 S 0.0 E 1 30 5 5 POD
1997 02 08.20 S 1.5: A4 O0.0E 1 ANZ
1997 02 08.20 S 1.6 AL 5.0B 10 6 ANZ
1997 02 08.20 a M 1.8 Y 5.0 B 7 15 8 8 320 KYS
1997 02 08.21 B 1.7 SC 8.0B 11 D6 BR0OO6
1997 02 08.21 S 1.6 Y6 0.7E 1 8 2 SKI
1997 02 08.21 w M 1.6 Y 0.0 E i 20 D7 4 300 CANO4
1997 02 08.22 B 1.8 S 508B 7 40 6 2.5 315 TRI
1997 02 08.22 — M 1.8 YG 0.7 E I 10 8 GRAO4
1997 02 08.22 N 43 Y6 5.0B 10 10 7/ 4.5 321 GRAO4
1997 02 08.22 a B 1.6 AL O.TE 1 BOU
1997 02 08.23 3.2 B 8 4.4 4 4.8 330 HASO02
1997 02 08.23 B 1.6 S 0.0 E 1 30 8 1 315 TRI
1997 02 08.27 M 1.9:sC 5.0B 10 245 6/ &2.3 320 PORO5
1997 02 08.74 ' M 1.9: YG 5.0 B 10 10 7 0.8 323 GRAO4
1997 02 08.81 S 1.9: AA 0.0E 1 &20 7/ 1 310 NAGO8
1997 02 08.83 I 1.8 8 0.0 E 1 TOY
1997 02 08.85 s 1.7 S 15.0R 5 25 15 6 1.4 NAGO2
1997 02 08.86 ° I 2.3 Y¢ O0.0E 1 8 Y0504
1997 02 08.86 S 2.0 Y6 2.4B 10 25 7 Y0504
1997 02 08.87 M 1.9 YG 3.0B 8 20 6 0.8 300 KATO1
1997 02 08.87 M 2.1 AR 3.5B 7 &15 7 1.2 320 Y0S02
1997 02 08.88 S 2.0: AA 5.0B 7 12 7 i TAKO6
1997 02 09.12 B 1.7 SC O.0E 1 30 S56 5 320 MANOi1
1997 02 09.12 B 2.5 D 5.0B 7 19 s7/ 4 315 MORO4
1997 02 09.12 B 2.6 BD 3.5B 7 16 s7/ 4 320 HARO9
1987 02 09.13 M 2.0 AL 3.0R ¢4 7 11 5 0.6 MAI
1997 02 09.15 B 1.4 AA 3.0B 7 7 0.8 338 CEHV
1997 02 09.15 S 1.6 sSC O0.0E 1 42 3 LUKO4
1997 02 09.15 wB 1.9 SC 0.0 E 1 8 1.5 ANDO3
1997 02 09.16 8.0 B 12 40 S6 4.5 324 BARO6
1997 02 09.16 S_ 1.6 SC 0.0E 1 42 3 3.5 320 BAROS
1997 02 09.16 wB 1.3 SC 0.0 E i 8 RADO1
1997 02 09.16 wB 1.6 SC 0.0 E 1 7 B0JO1
1997 02 09.17 wB 1.3 AL 0.0 E 1 &25 6 5 317 CHE03
1997 02 09.17 wB 1.5 SC 5.0 B 10 8 GRAO7
1997 02 09.17 wB 1.5 SC 5.0B 10 8 RADO1L
1997 02 09.18 S 1.5 AA B8.0B 20 6.5 . ANZ
1997 02 09.18 S 1.7: A4 0.0 E 1 ANZ
1997 02 09.18 wB 1.4 SC 5.0B 10 8 4.5 BOROS
1997 02 09.19 a M 1.6 AL 5.0B 12 24 8/ 5 316 TANO2
1997 02 09.21 8.0B 20 5 7 3 310 VAXO6
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Comet C/1995 01 (Bale-Bopp) [conmt.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL P& 0BS.

1997 02 09.21 B 1.7 A4 0.0E 1 VANO6

1997 02 09.21 w M 1.5 Y 0.0 E 1 20 D7 7 325 CANO4

1997 02 09.22 B 1.4 s 6.0 B 10 8 7 0.75 315 SANo4

1997 02 09.22 B 1.7 s 5.0 B 7 40 6 1.5 320 TRI

1987 02 09.23 3.2 B 8 6.6 3 5.8 340 HASO02

1997 02 09.23 B 1.6 § 0.0 E i 30 8 1 300 TRI

1987 02 09.25 B 2.3 SC 0.0E I 20 7 BIV

1997 02 09.25 M 1.9 s 5.0 B 12 10 58/ 4 GONOS

1997 02 09.25 §B 1.7 § 5.0 B 7 40 8 2 300 MAR20

1997 02 03.26 a I 2.1 AT 0.0 E 1 &7 320 VITO1

1997 02 09.27 a I 1.8 AT 0.0 E 1 &4.5 320 PERO1

1997 02 09.46 a I 1.5 sC 0.0 E 1 10 9 3 320 CREO1

1997 02 09.74 'S 1.7: Y6 0.7 E 1 8/ SKI

1997 02 09.84 B 1.6 AA 0.0E 1 0KA0S5

1997 02 09.84 I 2.2: 24 0.0E 1 TSU02

1997 02 09.84 S 1.5 S 15.0R 5 25 15 6/ 1.5 NAGO2

1997 02 09.85 I 1.8 ML 0.0E ! WAS

1997 02 09.85 M 2.1 a4 3.58B 7 15 7 2.0 WAS

1997 02 09.85 S 2.3 M 508 7 10 7 1.2 300 TAKO6

1997 02 09.86 B 2.2 Y6 3.5B 7 11 8 2.0 310 oBEM

1997 02 09.86 I 2.2 Y6 0.0E 1 8 0BHM

1997 02 09.86 M 2.2 AA 5.08B 7 20 TOD

1997 02 09.86 S 2.1 A O0.0E 1 TAKO6 '
1997 02 09.97 B 3.2: AA 5.0B 7 7 HOM

1997 02 10.11 B 2.4 BD 3.5B 7 16 57/ 4 315 HARO9

1997 02 10.11 M 1.9 AA 30R 4 7 13 5 0.7 MAI

1997 02 10.12 B 2.3 ®D 6.0 B 7 19 s7/ 4 315 MORO4

1997 02 10.14 w B 1.8 SC 5.0B 10 30 8 4 . ANDO3

1997 02 10.15 w B 1.9 SC 0.0 E 1 8 1.5 ANDO3

1997 02 10.16 S 1.6 SC 5.0B 7 7 9 1.50 315 TOL

1997 02 10.16 w B 1.5 SC 5.0B 10 8 4 GRAO7

1997 02 10.16 ®B 1.8 sC 0.0 E 1 . 8 RADO1

1997 02 10.17 w B 1.4 sC 0.0 E 1 8 B0JO1

1997 02 10.17 w B 1.5 SC 5.0B 10 8 BOROS

1997 02 10.18 B 2.0 s 0.0 E 1 10 6 0.70 305 HALO4

1997 02 10.18 a M 1.4 AL 5.08B 12 23 8 6 321 TANO2

1997 02 10.19 'V 1.6 YF 6.44 3a 1 &40 7 &3 320 MIK

1997 02 10.20 8.0 B 20 3 7 3.3 315 VANo6

1997 02 10.21 w M 1.4 ¥ 0.0 E 1 25 D7 7.5 325 CANO4

1997 02 10.23 5.0 B 10 13.2 3 4.0 330 HASO2

1997 02 10.24 B 1.5 S 0.0E 1 30 8 0.5 300 TRI

1997 02 10.24 B 1.6 5 5.0 B 7 35 6 1 315 TRI

1997 02 10.24 S 1.6 YG 0.7 E 1 8/ SKI

1997 02 10.25 S 2.0 sC 6.3B 9 6 7 1.92 315 DINoi1

1997 02 10.25 s B 1.7 § 5.0 B 7 40 8 2 290 MAR20

1997 02 10.26 a I 1.9 AT 0.0 E 1 &4.5 302 VITO1

1997 02 10.27 a B 1.9 AT 0.0 E 1 7/ 6.5 290 PERO1

1997 02 10.27 a I 1.6 AT 0.0 E 1 7/ &6.5 290 PERO1

1997 02 10.27 a S 1.6 AT 0.0 E 1 7/ ®6.5 290 PERO{

1997 02 10.76 !'S 1.4: 44 5.08B 7 6 6 - SHA02 4
1997 02 10.84 S 1.3 S 150R 5 25 15§ 6/ 1.5 NAGO2 H
1997 02 10.86 M 1.6 Y6 3.0B 8 20 7 0.6 300 KATO1 ¥
1997 02 11.15 B 1.4 44 3.0B 7 6 1.5 339 caV §
1997 02 11.15 B 1.6 AA 3.0B 8 6 1.5 SLIO1 ‘
1997 02 11.15 B 1.6 A4 3.0B 8 6 2.5 SLIO1

1997 02 11.15 w B 1.6 sC 0.0 E 1 8 1.5 VEL02 ;
1997 02 11.15 w B 1.7 SC 5.0 B 10 8 4.5 ANDO3 ;
1997 02 11.16 S 1.5 sC 4 R 7 20 6 9 1.6 320 TOL :
1997 02 11.16 S 1.6 AA 6.3R 13 52 14 S9 19 320 Xos !
1997 02 11.16 w B 1.3 SC 0.0 E 1 8 2 BOROS ;
1997 02 11.16 w B 1.6 SC 5.0 B 10 8 RADO1 i
1997 02 11.17 wB 1.4 sC 0.0 E 1 8 . RADO1 ;
1997 02 11.17 g B 1.5.SC 0.0E 1 8 B0JO1 &
1997 02 11.18 a M 1.3 AA 5.0 B 12 23 7/ TANO2 ;
1997 02 11.19 15.0R 8 30 22 7 1.2 330 DIEO2 !
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DATE (UT) N MM MAG. RF AP, T F/ PWR COMA DC TAIL PA  OBS.
1997 02 11.19 S 1.9 AA 0.0 E 1 DIEO2
1997 02 11.21 M 1.5: G 0.7E 1 &12 GRAO4
1997 02 11.21 a5 1.5 AA 0.7 E 1 BOU
1997 02 11.22 1.4: AA 0.6 E 1 15 5 2.0 320 GILO1
1997 02 11.22 B 1.7 SC O0.7TE 1 22 5 ES ROGO2
1997 02 11.22 S 1.3 sC 5.08B 10 25 8 3.5 312 MCK
1997 02 11.22 w M 1.7 SC O0.0E 1 10 7/ &4 315 GLI
1997 02 11.23 'S 1.9 AA 5.08B 7 5 8 2 310 SHAO02
1997 02 11.23 ' S 2.0 AA 0.7 E 1 10 8 2 310 SHAO02
1997 02 11.23 1§ 2.3 AA 8.0B 20 4.9 8 2 310 SHAQ2
1997 02 11.24 B 1.7 S 5.0 B 7 35 6 TRI
1997 02 11.24 S 1.7 SC 6.3 B 9 8 7 3.5 320 DINO1
1997 02 11.24 a5 1.5 SC 0.6 E i 20 8 >8 320 O0KS
1997 02 11.74 ' M 1.6 YG 5.0 B 10 11 7/ 1.2 GRAO4
1997 02 11.74 'S 1.5 ¥YG 0.7 E 1 8 SKI
1997 02 11.81 I 1.8 S 0.0 E 1 TOY
1997 02 11.82 ! § 1.3 SC 0.0 E 1 20 S8 9 320 SEI
1997 02 11.82 ! S 1.6 SC 3.08B 10 13 D7 6 320 SEI
1997 02 11.84 B 2.0 YG 3.5B 7 15 8 3.2 300 OBHM
1997 02 11.84 I 1.8 Y¢G 0.0E 1 <20 sS4 1.5 310 Y0S04
1997 02 11.84 S 1.6 YG 2.4 B 10 15 7 2.0 320 Y0S04
1997 02 11.85 S 1.8 AAF 0.0E i 20 7 1 310 NAGOS
1997 02 11.86 G 1.5 AL 0.0 E 1 2 Y0S02
1997 02 11.86 M 1.7 AA 3.5 B 7 15 7 1.8 320 Y0S02
1997 02 12.06 S 2.2 AL 11.0L 7 32 17 6 1.5 IVAQ3
1997 02 12.12 B 2.4: AA 5.0B 7 5 6 3 HOM
1997 02 12.13 B 1.8 SC 7.08B 40 2.0 PEN
1997 02 12.14 B 1.5 AA 3.0B 7 6 1 340 CHV
1997 02 12.14 B 1.8 SC 7.0B 40 2.0 CHAQ2
1997 02 12.14 S 1.3 5C O0.0E 1 5 LUKO4
1997 02 12.14 w B 1.3 SC 0.0 E 1 8 VELO2
1997 02 12.15 — 8.0 B 12 34 S6 6 324 BARO6
1997 02 12.15 B 2.1 AA 5.0B 7 10 S8 4 315 VELO3
1997 02 12.15 G 1.9 AL 0.0 E 1 14 56 VELO3
1997 02 12.15 S 1.4 SC 0.0E 1 40 3/ BARO6
1997 02 12.15 w I 1.2 5C 0.0 E 1 4 3 3256 FILOS
1997 02 12,16 w B 1.3 SC 0.0 E 1 8 B0JO1
1997 02 12.16 B 1.5 SC 5.0 B 10 8 RADO1
1997 02 12.47 =« B 1.3 SC 0.0 E 1 8 2 BORO5
1997 02 12.17 wB 1.4 5C 0.0E 1 8 RADO1
1997 02 12.18 a M 1.3 AA 5.0 B 12 16 8 7 315 TANO2
1997 02 12.20 5.0 B 7 k18 7/ 7.5 320 SKI
1997 02 12.20 § 1.3 Y¢ 0.7E 1 8 3 SKI
1997 02 12.21 M 1.6 Y& O0.7TE 1 12 8 2 GRAO4
1997 02 12.21 N 4.0 Y 5.08B io 11 7/ 6.5 322 GRAO4
1997 02 12.24 B 1.5 8 0.0 E i1 30 8 1 300 TRI
1997 02 12.24 B 1.6 § 5.0 B 7 35 6 1 335 TRI
1997 02 12.26 s B 1.8 § 5.0B 7 40 8 2 300 MAR20
1997 02 12.66 a M 1.6 SC 0.0E i } i5 OME
1997 02 12.74 ' M 1.7 YG 5.08B i0 10 7/ 1.0 305 GRAO4
1997 02 12.83 5.0 B 7 15 8 3.0 320 NAGOS8
1997 02 12.83 I 1.6 S 0.0 E b TOY
1997 02 12.83 S 1.6 AA 0.0 E i 20 7/ 1.5 310 NAGOB8
1997 02 12.84 B 1.5 Y6 O0.0E 1 <20 sS4 1 310 YO0S04
1997 02 12.84 S 1.4 Y6 2.4 B 10 15 s6 1.2 310 Y0504
1997 02 12.86 M 2.0 AA 5.0B 7T 20 TOD
1997 02 12.86 S 1.2 8§ 150R 5 25 18 7 2.0 NAGO2
1997 02 12.87 S 2.2 AA 5.0B 7 TAKO6
1997 02 13.16 wB 1.5 SC 0.0 E 1 8 RADO1
1997 02 13.20 S 1.4 Y6 O0.7TE 1 8 SKI
1997 02 13.20 wM 1.3 Y 0.0 E i 30 D7 15 325 CANO4
1997 02 13.22 1.5: 44 0.6 E 1 15 5 1.5 315 GILO1
1997 02 13.24 B 1.5 S 5.0 B 7 35 6 0.5 330 TRI
1997 02 13.41 wB 1.3 AL O0.0E 1 8 &4 GRE
1997 02 13.46 a M 1.5 SC 5.0B 7 8 9 4.5 315 CREO1
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DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA DBS.
1997 02 13.65 a M 1.3 SC 0.0 E 1 15 OME
1997 02 13.81 I 1.6 S 0.0 E 1 TOY
1997 02 13.82 B 1.5 Y6 O0.0E 1 <20 54 2 310 YO0S04
1997 02 13.82 S 1.6 YG 2.48B 10 18 7 1.5 310 Y0S04
1997 02 13.83 M 1.1 Y6 3.0B 8 20 7 1.5 310 KATO1
1997 02 13,83 S 1.2 S 15.0R 5 25 18 6/ 2.0 NAGO2
1997 02 13.83 S 1.6 AA O0.0E 1 20 7/ 2 310 NAGOS
1997 02 13.84 B 1.8 Y6 3.5B 7 8 4 340 O0HM
1997 02 13.84 I 1.4 AA O0.0E 1 TSU02
1997 02 13.84 I 1.9 Y6 0.0E 1 8 OHM
1997 02 13.85 B 1.4 44 O0.0E 1 2 Y0S02
1997 02 13.85 B 1.8 A4 O0.0E 1 TOD
1997 02 13.85 M 2.0 44 5.08B 7 15 TOD
1997 02 13.86 5.0 B 7T 12 7 1 310 TAKoe
1997 02 13.86 S 2.0 A4 O0.0E i TAKO6
1997 02 14.18 1I5.0R 8 30 23 7 1.35 320 DIE02
1997 02 14.18 S 1.7 24 O0.0E 1 DIEO2
1997 02 14.18 ' G 1.1 AL 0.8 E 1 12 8 11 323 SHA02
1997 02 14.18 ' M 1.1 AA 5.0 B 7 9 8 6 323 SHA02
1997 02 14.18 a M 1.4 AL 5.0 B 12 20 8 TANO2
1997 02 14.19 aS 1.4 SC 0.6 E 1 15 8 3 315 O0KS
1997 02 14.20 wM 1.3 ¥ 0.0 E 1 30 D7 15 325 CANO4
1997 02 14.22 1.6: 44 0.6 E 1 15 5 0.5 315 GILOi
1997 02 14.24 B 1.5 sC 0.7E i 5 &1 ROGO2
1997 02 14.24 S 1.8 YF 6.3B 9 18 8 3 ENT
1997 02 14.25 S 1.2 AA 7.0B 16 12 D3 1.1 316 TAY
1997 02 14.83 5.0B 7 15 7/ 7.0 320 NAGOS
1997 02 14.83 B 1.1 § 0.0 E 1 &20 5 &6 325 FUK02
1997 02 14.83 B 1.8 AAb O0.0E 1 0KAO5
1997 02 14.83 S 1.4 AL O0.0E 1 20 7/ 3 320 NAGOB
1997 02 14.84 1S 1.2 SC 0.0 E 1 20 S7 9 315 SHI
1997 02 15.15 M 1.4 Y6 0.7E 1 12 8 GRAO4
1997 02 15.15 N 3.5 Y¢ 5.0B 10 12 7/ 6.5 317 GRAO4
1997 02 15.156 wB 1.3 SC 8.0 B 8 8 GRAO7
1997 02 15.145 % B 1.3 SC 8.0 B 8 8 RADO1
1997 02 15.16 S 1.5 SC 4 R 7 20 5 9 0.40 330 TOL
1997 02 15.17 S 1.1 SC 0.0E 1 25 4 4 319 BARO6
1997 02 15.17 S 1.1 SC 0.0E 1 30 Sé 6 319 1ISHO3
1997 02 15.17 1 G 0.9 AA 0.8 E 1 12 8 5 329 SHA02
1997 02 15,17 wB 1.3 SC 5.0 B 10 8 BOROS
1997 02 15.18 a M 1.3 AL 5.0 B 12 22 8 10 320 TANO2
1997 02 15.20 B 1.9 SC 0.0E 1 30 8 BIV
1997 02 15.23 B 1.4 5§ 0.0 E i1 35 8 1.5 315 TRI
1997 02 15.23 B 1.5 s 5.0 B 7 35 6 1.5 315 TRI
1997 02 15.23 S 1.4 AL 5.0B 8 45 8 2 315 BEA
1997 02 15.23 S 1.4 AL 12.5R 5 20 45 8 2 315 BEA
1997 02 16.23 s B 1.2 s 0.0 E 1 8 i 300 MAR20
1997 02 15.23 sB 1.5 § 5.0 B 7 35 8 3 285 MAR20
1997 02 15.23 5B 1.6 SC 0.0 E 1 10 8 310 GLI
1997 02 15.24 B 1.3 SC 0.7E 1 5 4 ROGO2
1997 02 15.24 G 1.5 AL 0.8E 1 12 8 9 329 SHA02
1997 02 15.25 S 1.2 AL 7.0B 16 15 D3 1.3 313 TaY
1997 02 16,25 a I 1.4 AT 0.0 E 1 7/ &5 310 PERO1
1997 02 15,25 a I 1.5 AT 0.0 E 1 VITO1
1997 02 15,74 1S 1.5 Y¢ 0.7 E 1 8 SKI
1997 02 15.77 ' M 1.6: Y6 5.0 B 10 10 7/ 1.0 GRAO4
1997 02 16.13 M 1.7 AA 3.0R 4 7T 14 6 2 MAT
1997 02 16.14 8.0R 10 28 12 S7 0.8 305 GERO1
1997 02 16.14 G 1.8: A4 0.0E i GERO1
1997 02 16.15 wB 1.1 SC 0.0 E 1 8 GRAO7
1997 02 16.15 wB 1.3 SC 8.0 B 8 8 RADO1
(997 02 16.16 w B 1.2 SC 0.0 E 1 8 6.5 . BOROS
997 02 16.17 wB 1.2 AL 0.0 E 1 25 6/ 5 322 CHE03
997 02 16.18 N 3.4 Y6 5.0B 10 12 7/ 10 321 GRAO4
.997 02 16.19 8.0 B 20 4 7 4.2 315 VANO6
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA OBS.
1997 02 16.19 M 1.3 Y¢ 0.7 E 1 &12 8 5 GRAO4
1997 02 16.19 S 1.1 YG 0.7 E 1 8 3.5 SKI
1997 02 16.19 a 0 1.1 SP 0.0 E i 45 7 12 340 ZNO
1997 02 16.19 wB 1.4 AA 0.0 E 1 VANOB
1997 02 16.21 s B 1.5 SC 0.0 E 1 12 8 >8 310 GLI
1997 02 16.21 w B 1.0 S 0.0 E 1 8 3 230 SANO4
1997 02 16.22 wB 1.2 S 0.0 E 1 8/ 5 315 MARO2
1997 02 16.23 B 1.3 § 0.0 E 1 35 8 1.5 315 TRI
1997 02 16.23 B 1.8 SC 0.0 E 1 20 8 BIV
1997 02 16.23 s B 1.1 S 0.0 E 1 8 1 300 MAR20
1997 02 16.23 s B 1.5 § 5.0 B 7 35 8 3 290 MAR20
1997 02 16.23 w M 1.4 5§ 3.0B 6 20 7 5 320 MARO2
1997 02 16.24 B 1.4 S 5.0 B 7 35 6 1.5 315 TRI
1997 02 16.42 wB 1.3 AA 0.0 E 1 8 GRE
1997 02 16.65 a M 1.4 SC 0.0 E 1 12 OME
1997 02 16.81 I 1.2 5§ 0.0 E 1 T0Y
1997 02 16.82 S 1.3 AA 0.0 E 1 &20 7/ 2 320 NAGOS8
1997 02 16.83 B 1.7 AA 0.0 E 1 0KAO5
1997 02 17.08 S 1.3 AA 11.0L T 32 20 6 1.8 IVAO3
1997 02 17.14 ! G 2.7: AA 0.7 E 1 6 7 SHAO2
1997 02 17.14 ' M 3.2: AA 8.0 B 10 6 7 0.33 317 SHAO02
1997 02 17.16 5.0B 7 16 S7 6 315 VELO3
1987 02 17.16 G 1.3 AA 0.0 E i 20 1 3 318 VELO3
1987 02 17.16 S 1.3 AL 8.0B 20 20 8.5 320 ANZ
1997 02 17.17 B 1.4 S 0.0 E 1 18 6 1.20 310 EHALO4
1997 02 17.17 S 1.1 AA O.0E 1 ANZ
1997 02 17.17 wB 1.2 AA 0.0 E 1 25 6 6 322 CHEO3
1997 02 17.17 v M 1.2 Y 0.0 E 1 30 D7  &15 310 CANO4
1997 02 17.18 M 1.5 Y 6.3 R 13 33 56 9 310 EOR
1997 02 17.18 S 0.8 AA 6.3 R 13 52 14 S9 23.3 295 KOS
1997 02 17.18 a B 1.3 AT 0.0 E 1 MILO2
1997 02 17.18 —a M 1.0 § 5 R 1 35 7/ HORO2
1997 02 17.2¢ a 0 1.1 SP 0.0 E i 35 7 ZNO
1997 02 17.23 B 1.4 § 5.0 B 7T 30 6 1 310 TRI
1997 02 17.24 M 1.2 S 5.0 B 7 12 s8/ 6 GONOS
1997 02 17.24 a B 1.7 AT 3.5 R 1 PERO1
1997 02 17.24 a I 1.5 AT 0.0E 1 8 &9 310 PERO1
1997 02 17.24 s B 1.5 S 5.0 B 7T <40 8 2 285 MAR20
1997 02 17.47 G 1.1: SC 0.0 E i 11 7 1.0 315 CREO1
1997 02 17.65 a M 1.5 SC 0.0 E 1 10 OME
1997 02 17.83 s 1.1 8§ 15.0R 5 25 20 7 2.8 NAGO2
1997 02 17.85 B 1.3 YG 3.5B 7 20 8 6 320 OEM
1997 02 18.11 B 1.5 EHD 5.0B 7 20 st/ 6 318 MORO4
1997 02 18.11 B 1.9 BHD 3.5 B 7 17 s7/ 5 310 EHAROS
1997 02 18.12 S 0.7 SC 0.0E 1 35 56 7 320 1ISHO3
1997 02 18.14 S 0.9 sC 8.0B 12 30 S6 6 320 ISHO3
1997 02 18.16 B 1.6 AA 2.08B 2 13 7 K0z
1997 02 18.16 s 1.2 Y 0.0 E 1 11 s7/ 7 313 SANO7
1997 02 18.16 w M 1.1 AL 0.0 E 1 30 6 7 322 CHEO3
1997 02 18.17 S 0.6 AA 6.3 R 13 52 14 s9 25 285 KOS
1997 02 18.17 ! G 1.2 AA 0.7 E i 5 7 SBAQ2
1997 02 18.17 ' M 1.4 AL 5.0 B 7 4 8 1.5 303 SBHAO2
1997 02 18.17 a M 0.8 § 5§ R 1 40 7/ 6 325 HORO2
1997 02 18.18 B 1.1 Y 0.0 E 1 20 58 5 300 SARO2
1997 02 18.18 B 1.4 § 0.0E 1 12 7 0.75 305 HALO4
1997 02 18.18 s 1.2 Y 0.0 E 1 10 8 1.5 290 KESO1
1997 02 18.18 a M 1.1 S 5 R i 30 7/ 4 325 PLS
1997 02 18.18 a0 1.6 SP 0.0 E 1 25 6 4 POD
1997 02 18.19 !V 1.0 YF 6.4 A 3 a 1 &40 8 ‘MIK
1997 02 18.20 a M 0.8 TI 5 R i 25 7 4 DVO
1997 02 18.20 a 0 1.1 SP 0.0 E 1 35 7 11 . ZNO
1997 02 18.20 wB 1.4 AA 0.0E 1 VANOS
1997 02 18.22 S 1.4 sC 6.3 B 9 2 7 3 320 DINO1
1997 02 18.24 B 1.3 § 5.0B 7 30 6 1 320 TRI
1997 02 18.76 B 1.8 A4 T7.0B 16 8 D6 TAY
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DATE (UT) N MM MAG. RF AP. T F/ PWR COMA . DC TAIL PA OBS.

1987 02 18.76 S 0.6 AA T7.0B . 186 8 D6 TAY

1997 02 18.77 'M 1.4 AA 5.0B 7 7 7 0.33 350 SHAO02

1997 02 18.85 B 0.9 AA 0.0E 1 5 Y0S02

1987 02 18.85 B 1.4: A4 0.0 E 1 &20 6 &3 310 MIYO1

1997 02 18.85 B 1.6: A4 5.08B 7 20 D7 7 310 MIYo1

1997 02 18.85 I 1.3 AL O0.0E 1 TSU02

1997 02 18.85 M 1.1 AL 3.5B 7 20 8 7 325 Y0S02 o
1997 02 18.86 B 1.3 AL 0.0E 1 TOD o
1997 02 18.86 I 1.5 § 0.0 E 1 T0Y IS
1997 02 18.86 M t0 Y 0.0 E 1 25 7 9 320 KOBO1

1987 02 19.10 G 1.3 Y 0.0 E 1 S8 M0S03

1997 02 19.11 B 1.7 HD 3.5 B T 17 s7/ 6 320 HARO9

1997 02 19.12 8.0R 10 28 10 S6 >1.3 326 GERO1

1997 02 19.12 B 1.5 HD 5.0 B 7 20 s7/ 7 318 MORO4

1997 02 19.12 G 1.7: AA O0.0E 1 GERO1

1997 02 19.12 w I 0.9 SC 0.0 E O 4 5 FILOS

1997 02 19.13 B 1.3:SC 0.0E 1 &25 56 &3 320 MANO1

1997 02 19.13 wB 1.1 SC 0.0 E 1 8 3.5 VELO2

1997 02 19.14 S 0.8 SC 0.0E 1 40 4 4 313 BARO6 o
1997 02 19.15 S 0.8 SC 0.0 E 1 40 5 4 LUX04 0
1997 02 19.15 wB 1.2 SC 0.0 E 1 8 B0JO1 o
1997 02 19.16 wB 1.2 SC 0.0 E 1 8 RADO1 i
1997 02 19.16 wB 1.2 SC 0.0 E 1 8 6.5 BOROS i
1997 02 19.18 wB 1.0: A4 0.0 E 1 22 6 4 323 CHEO3 X
1997 02 19.20 w B 1.4 SC 0.0E 1 12 8 >8 326 GLI

1997 02 19.21 S 1.3 AL O0.0E 1 16 7 3 300 BAR

1997 02 19.21 w B 1.2 S 0.0 E 1 25 7/ 4 310 MARO2

1997 02 19.22 1.3: AA 0.6 E 1 12 7 - 2,0 315 GILO1 3o
1997 02 19.22 wB 1.3 § 3.0 B 6 30 7 6 320 MARO2 e
1997 02 19.23 B 1.1 s 0.0 E 1 30 8 2 310 TRI B
1997 02 19.23 B 1.2 S 5.0B 7 25 7 4 320 TRI &
1997 02 19.24 M 1.1 s 5.0 B 7 12 s8/ 8 GONO5 ¥
1997 02 19.24 TF¥B 1.1 § 0.0 E 1 8 1 290 MAR20 -

1997 02 19.24 sB 1.4 S 5.0 B 7 30 8 3 270 MAR20

1997 02 19.82 I 1.2 8§ 0.0 E 1 TOY

1997 02 19.83 B 1.1 YG O0.0E 1 &20 55 3 310 Y0S04

1997 02 19.83 S 1.0 5 15.0R 5 25 22 7 .3.0 NAGO2

1997 02 19.83 S 1.1 AL 0.0 E 1 &20 7/ 3 320 NAGOS

1997 02 19.84 B 1.4 AA 0.0E 1 0KAO5

1997 02 19.84 I 1.1 AL O0.0E 1 3 WAS

1997 02 19.84 S 1.3 YG 2.4 8B 10 15 56 3 320 YO0S04

1997 02 19.85 B 1.4: 44 0.0E 1 &20 6 5 300 MIYO1

1997 02 19.85 B 1.6: AA B8.0B i1 20 b7 7 300 MIYO1

1997 02 19.85 I 0.8 AL 0.0E 1 TSUO02

1997 02 19.86 B 1.2 Y6 0.0E 1 NAKO1

1997 02 19.86 C 1.0 YF 254 2 41 7.5 319 NAKO1

1997 02 19.86 M 0.9 YG 3.0B g8 20 7 1.5 310 KATO1

1997 02 19.87 B 1.3 AA O0.0E 1 TOD

1997 02 20.09 G 1.0 AA 0.0 E 1 18 9 0.8 320 SER

1997 02 20.11 M 1.5 A4 3.0R 4 7 14 6 2.5 MAT

1997 02 20.12 B 1.4 BD 5.08B 7T 20 58 7 320 MORO4

1997 02 20.13 wI 0.8 SC 0.0 E 1 5 FILOS5

1997 02 20.14 S 0.7 SC 0.0E 1 50 4 BARO6

1997 02 20.14 wS 0.6 SC 0.0 E 1 50 4 BARO6

1997 02 20.15 S 1.1 Y 0.0 E 1 9 58 3 315 SANO7

1987 02 20.17 5.0 B 8 25 7 1.5 313 DIE02

1997 02 20.17 5 1.5 A4 0.0E 1 DIEQ2

1997 02 20.20 1.2 AL 0.6 E 1 12 8 2.5 315 GILO1

1997 02 20.20 aB 1.0 aa O0.7E 1 BOU

1997 02 20.21 S 1.2 A 5.08B 10 30 6 4 290 FO0G

1997 02 20.22 B 1.4 s 0.0 E 1 8 7 0.75 300 HALO4

1997 02 20.23 B 1.0 § 0.0 E 1 30 8 3 310 _ TRI

1987 02 20.23 B 1.2 § 5.0 B 7 25 7 6 320 TRI.

1997 02 20.23 G 1.1 AA 0O.TE 1 18 8 2 304 SHAO02

1997 02 20.23 I 1.0 44 0.8E 1 HASO2
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1997 02 20.23 M 1.4 AA 5.08B 7 7 8 3.5 322 SHAO2
1997 02 20.23 wB 1.2 SC 0.0 E 1 8 GLI
1997 02 20.25 B 1.3 sC O0.7E 1 5 3.5 ROGO2
1997 02 20.40 Gw B 1.1 AA 0.0 E 1 8 &2 GRE
1997 02 20.45 G 1.0 SC 0.0 E 1 11 8 2.0 315 CREOt
1997 02 20.45 M 1.1 SC 5.08B 10 9 9 5 315 CREO1
1997 02 20.75 ' M 1.2: YG O0.TE 1 12 8 GRAO4
1997 02 20.75 '!' N 3.2 Y¢ ©5.08B 10 8 2 290 GRAO4
1997 02 20.76 ! S 0.9: YG 0.7 E 1 8/ 1.5 SKI
1997 02 20.81 I 1.5 S 0.0 E 1 TOY
1997 02 20.83 ! 1.1 SC 0.0 E 1 17 58 7 320 SHI
1997 02 20.84 B 1.6 AA O.0E 1 O0KAO5
1997 02 20.84 I 1.5 Y6 0.0E 1 8 1 300 YOS04
1997 02 20.84 S 1.5 ¥¢ 2.4B 10 &15 s7 1 310 YO0S04
1997 02 21.12 B 1.4 HD 5.0 8B 7 18 S8 6 320 MORO4
1997 02 21.14 B 1.9: AA 5.0B 7 5 6 2 HOM
1997 02 21.14 M 1.5 AA 3.0R 4 7. 14 6 3 MAI
1997 02 21.16 B 0.5 Y 5.0 B 10 20 56 8 325 BUS04
1997 02 21.17 M 1.3 Y 6.0 B 20 TUB
1997 02 21.17 S 1.0 Y 0.0 E 1 10 58 4 320 SANO7
1997 02 24.17 a B 1.2 AT 0.0 E 1 MILO2
1997 02 21.18 B 1.5 AA O0.0E 1 20 4.5 308 STO
1997 02 21.20 S 1.0 SC 0.7 E 1 30 7/ MCK
1997 02 21.20 5 1.0 YG 0.7 E 1 8 2.5 SKI
1997 02 21.20 'V 0.9 YF 2.3 A 4a 5 &40 8 &5 320 MIK
1997 02 21.23 B 0.9 § 0.0 E 1 30 8 0.5 330 TRI
1997 02 21.23 B 1.0 S 5.0 B 7 25 7 3 320 TRI
1997 02 21.67 M 1.3 sC ©0.0E 1 OME
1997 02 21.73 I 1.2 AA 0O.TE 1 MOE
1997 02 21.81 I 1.3 S 0.0 E 1 TOY
1997 02 21.83 B 1.3 AMA 0.0 E i 0KA05
1997 02 21.84 —B 1.2 YG O0.0E 1 &20 S5 1.5 310 Y0S04
1997 02 21.84 S 0.8 § 15.0R 5 26 20 7 3.0 NAGO2
1997 02 21.84 S 1.3 Y6 2.4 B 10 &18 s7 2 320 YO0S04
1987 02 22.11 M 1.5 AA 3.0R 4 7 14 6 3 MAI
1997 02 22.48 !V 0.9 YF 2.3 A 4 a 10 &35 8 MIK
1997 02 22.20 S 1.1 sC 0.7 E 1 MCK
1997 02 22.21 M 1.4: AA 5.0B 7 7 8 2 307 SHAO2
1997 02 22.21 S 1.2: AA O.TE 1 10 8 1 300 SHAO2
1997 02 22.65 M 1.1 sC O0.0E 1 OME
1997 02 22.82 B 1.0 Y¢ O0.0E 1 8 1 305 Y0504
1997 02 22.82 S 1.1 Y6 2.4 B 10 15 s7 1.5 315 YO0S04
1997 02 22.85 B 1.0 Y6 O0.0E 1 NAKO1
1997 02 22.85 I 1.1 S 0.0 E 1 TOY
1997 02 23.14 M 1.2 Y 6.0 B 20 40 4 5 TUB
1997 02 23.15 M 0.9 Y 0.0 E i 11 S6/ 2 300 SANO7
1997 02 23.16 5.0 B 10 11.5 8 2.0 300 HASO2
1997 02 23.16 5.0 B 10 11.%5 8 4.0 315 HAS02
1997 02 23.16 s B 1.2 AA 0.6 E 1 S8 0.6 MEY
1997 02 23.16 s M 1.4 AL G5.0B 10 9.5 §7 1.8 MEY
1997 02 23.17 B 1.2 § 0.0 E i 12 7 0.67 320 HALO4
1997 02 23.17 S 0.4 AA 6.3 R 13 352 14 59 297 KOS
1997 02 23.17 S 1.3 AA 0.7 E 1 17 52 15.5 304 C(CsuU
1997 02 23.18 I 0.9 AL O0.8E 1 HASO2
1997 02 23.18 M 1.2: 5§ 3 R 1 30 7/ 2 320 PLS
1997 02 23.19 'V 0.8 YF 2.3 A 4a 5 &30 8 MIK
1997 02 23.19 a M 0.7 TI & R i 30 7 5 DVO
1997 02 23.19 a 0 0.8 SP 0.0 E 1 40 7/ 13 ZNO
1997 02 23.41 Gv B 0.9 AA 0.0 E 1 8 82.5 GRE
1997 02 23.69 w B 0.8: SC 0.0 E 1 &30 3 BARO6
1997 02 23.75 'S 0.9 YG 0.7 E 1 8/ 1 . SKI
1997 02 23.81 I 1.2 § 0.0 E 1 TOY
1997 02 23.85 B 1.1 AA O0.0E 1 TOD
1997 02 23.85 B 1.3: AA O0.0E 1 &20 6 &2 290 MIYO1
1997 02 23.85 B 1.4: AA §5.0B T 20 D7 3 290 MIYO1
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1997 02 23.85 M 0.9 Y6 3.0B 8 20 7 2.0 300 KXATO1

1997 02 23.86 S 0.5 S 15.0R 5 25 25 7/ 3.5 NAGO2

1997 02 24.13 B 1.2 BD 5.0B 7 18 S8 MORO4

1997 02 24.14 B 0.5 SC 0.0 E 1 35 4 5 338 BARO6

1997 02 24.14 S 0.3 SC O0.0E 1 35 4 LUKO4

1997 02 24.14 S 0.5 SC O0.0E 1 35 S6 5 340 TISHO3

1997 02 24.16 S 1.3 AL 0.7 E 1 17 52 15.5 311 C€SU

1997 02 24.17 S 0.4 AL 6.3R 13 52 14 S9 K0S

1997 02 24.20 S 1.2 Y 0.0 E 1 10 8 SRA

1997 02 24.23 B 0.7 S 0.0 E i 20 8 TRI

1997 02 24.23 B 0.8 § 5.0 B 7 25 7 2 320 TRI

1997 02 24.25 S 1.3 SC 3.0B 8 3.5 7 3 DINO1

1997 02 24.42 wB 0.8 AL 0.0 E 1 8 &1.5 GRE

1997 02 24.69 wS 0.8: SC 8.0 B 12 &i5 7 BARO6

1997 02 24.82 B 1.1 Y6 0.0E 1 8 Y0S04

1997 02 24.82 I 1.1 S 0.0 E 1 TOY

1997 02 24.82 S 1.1 Y6 2.4B 10 12 s7 0.6 305 Y0S04

1997 02 24.83 I 0.9 A4 0.0E 1 215 8 1 330 NAGOS

1997 02 24.83 I 1.1 AA O0.0E 1 : YOS

1997 02 24.84 B 1.1 AA O0.0E 1 TOD

1997 02 24.84 S 0.7 SC O0.0E i 18 D8 7 325 SEI

1997 02 25.06 S 0.9 AA 11.0L 7 32 920 6 2 IVAO3

1997 02 25.08 M 1.4 AA 3.0R 4 7T 15 6 3 MAI

1997 02 25.11 8.0R 10 28 10 S6 >1.2 310 GERO1

1997 02 25.11 G 1.5: AA 0.0E 1 GERO1

1997 02 25.13 I 0.4 SC O0.0E 1 28 S6 6.5 338 ISHO3

1997 02 25.14 B 0.5 SC 0.0E 1 35 4/ BARO6

1997 02 26.14 wB 0.9 SC 5.0 B 10 8 BORO5

1997 02 25.14 w G 0.2 SC 0.0 E 1 6 - LUKO4

1997 02 25,14 w G 0.3 SC 0.0 E 1 35 4/ BARO6

1997 02 26.15 wB 1.1 SC 0.0 E 1 8 RADO1 ,

1997 02 25.17 M 1.0 Y 0.0 E 1 20 7 4 BRL .
1997 02 25,21 — G 0.7 AA O.TE i 10 8 3 321 SHAO02 ;

1997 02 25.23 B 0.5 SC 0.7E 1 5 &6 R0OGO2 -
1997 02 25.23 B-0.4 SC 6.3R 53 7 4 POPO1 i
1997 02 25.24 S 1.0 sC 6.3 B 9 3.5 7 3 320 DINO1 i
1997 02 265,43 Gw B 0.7 AA 0.0 E 1 8 &2.5 GRE W
1997 02 25.44 G 0.8 SC 0.0E i 10 8 2.0 310 CREO1 i
1997 02 25.78 B 2.0 A4 7.0B 16 10 7 1.5 330 TaAY t

1997 02 25.81 I 1.0 S 0.0 E 1 1 310 TDY i
1997 02 25.81 I 1.0 S 0.0 E 1 1 310 TOY ‘j
1997 02 25.83 B 1.2 A2 0.0E i .8 1 0KAO5 i
1997 02 25.83 S 0.7 SC O0.0E 1 20 D8 8 320 SHI o
1997 02 25.84 B 0.8 Y6 O0.0E i 15 S4 1 310 Y0S04 i
1997 02 25.84 S 0.9 YG 2.4B 10 15 s7 1.5 310 Y0S04 i
1997 02 26.13 wB 0.9 SC 0.0 E 1 8 RADO1

1997 02 26.14 M 0.8 Y6 O0.7E 1 8/ 3 GRAO4

1997 02 26.14 N 2.8 YG §5.0B 10 10 8 7.0 319 GRAO4

1997 02 26.14 wB 0.9 SC 0.0 E 1 8 BOROS

1997 02 26.15 N 5.6: Y6 20.3 T 10 123 GRAO4

1997 02 26.15 wB 0.9 SC 0.0 E 1 8 3.5 B0JO1

1997 02 26.15 wB 1.0 SC 0.0 E 1 8 JORO1

1997 02 26.17 S 1.1 AA 0.0 E 1 DIEO2

1997 02 26.19 S 0.8 Y6 0.7E 1 8 3 SKI

1997 02 26.21 S 1.1: AA 0.6 E 1 12 8 2.5 315 GILoi

1997 02 26.23 B-0.7 SC 6.3R 53 7 4.5 POPO1

1997 02 26.23 S 0.7 SC O0.TE 1 MCK

1997 02 26.78 ! G 1.1 AL 0.7 E 1 12 8 1 296 SHA02

1997 02 26.78 ' M 0.9: Y6 5.0 B 10 12 7/ 2 GRAO4

1997 02 26.82 S 0.4 S 150R 5 25 22 7 4 NAGO2

1997 02 26.84 I 1.1 AL 0.0 E 1 YOS

1997 02 27.07 S 0.6 AL 11.0L 7 32 15 5/ 2.2 . IvA03

1997 02 27.13 B 1.2 SC 7.0B 40 5 CHAO02

1997 02 27.15 M 0.7 Y6 O0.7E 1 8/ 3 GRAO4

1997 02 27.15 N 2.8 Y6 5.0B 10 10 7/ 10 321 GRAO4
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1997 02 27.15 S 0.9 AA 5.0B 10 12 7 4 330 MOE
1997 02 27.16 a M 0.5 § 5 R 1 25 8 10 315 HORO2
1997 02 27.18 M 0.6 Y 10 B 25 25 7 2.5 345 EHYN
1997 02 27.18 S 0.7 AL 0.0 E 1 20 8 5.5 297 BAR
1997 02 27.19 N 5.8 YG¢ 20.3 T 10 123 GRAO4
1997 02 27.189 a M 0.3 TI & R 1 25 7/ 4 DvVOo
1997 02 27.19 a M 0.4 S 3 R 1 40 7/ 8 310 PLS
1997 02 27.20 a0 0.6 SP 0.0 E 1 25 8 ZNO
1997 02 27.2¢ a B 0.6 AL 0.7 E 1 8 BOU
1997 02 27.23 B-0.8 SC 6.3 R 53 7 4.5 POPO1
1997 02 27.24 $ 1.0 YF 3.08B 8 12 8 7 ENT
1997 02 27.24 S 1.1 AA 5.0B 8 20 8 1 315 BEA
1997 02 27.75 I 1.0 AA O.TE 1 10 8 3 320 MOE
1997 02 28.05 S 0.6 AA 11.0L 7 32 14 5/ 2.2 IVAO3
1997 02 28.12 B 1.2 AA 5.0B 7 10 58 10 314 VELO3
1997 02 28.14 S 0.6 AL 6.0B 20 8 sScu
1997 02 28.16 w M 0.7 Y 0.0 E 1 35 D8 8 315 CANO4
1997 02 28.16 B 0.5 Y 0.0 E 1 15 58 10 310 SARO2
1997 02 28.16 B 1.0 AA 0.0 E 1 STO
1997 02 28.16 M 0.6 Y 0.0 E 1 15 s8 5 315 SANO7
1997 02 28.16 =a G 0.8 AL 0.6 E i 8 KAMO1L
1997 02 28.17 5.0B 7 24 7 4 307 DIEO2
1997 02 28.17 M 0.6 Y 10 B 25 25 7 3 HYN
1997 02 28.17 S 0.8 AA 0.7 E 1 17 52 15 300 CSU
1997 02 28.17 S 1.4 AL O.0E 1 DIEO2
1997 02 28.17 a B 0.5 AT 0.0 E i MILO2
1997 02 28.18 s 1.1 Y 0.0 E i 8 7 2 305 SRA
1997 02 28.48 a B 0.5 AL O.TE 1 BOU
1997 02 28.19 I 0.6 AL 0.8 E 1 HAS02
1997 02 28.19 S 0.6 AA O0.0E 1 25 8/ 6 300 ZAN
1997 02 28.19 'V 0.5 YF 2.3 4 4a 3 +29 8 &5 325 MIK
1997 02 28.19 &M 0.5 S 5 R 1 25 8 4 285 HORO2
1997 02 28.20 S 1.0 Y¥ 3.0B 8 8 6 ENT
1997 02 28.20 a 0 0.6 S 0.0 E 1 25 2 LIB
1997 02 28.20 a 0 0.6 SP O0.0E 1 25 7/ >8 ZNO
1997 02 28.70 w S 0.5 SC 0.0 E 1 45 4/ BARO6
1997 02 28.73 B 0.5 SC 8.0B 12 40 6 12 BARO6
1997 02 28.74 a M 0.8: Y 5.0 B 7 10 8 >2 KYS
1997 02 28.83 I 0.8 5§ 0.0 E 1 0.5 300 TOY
1997 02 29.09 5.0B 7 11 58 7.5 321 VELO3
1997 02 29.13 I 0.0 SC O.0E 1 28 56 9.5 330 1ISHO3
1997 03 01.07 B 1.0 SC T7.0B 40 5 CHAO2
1997 03 01.08 G 0.6 Y 0.0 E 1 S8 MDS03
1997 03 01.11 !'6G 0.0 AA O.TE 1 12 8 i 304 SHAO2
1997 03 01.13 S 0.8 AL 6.0B 20 8 sCuU
1997 03 01.13 wB 0.6 SC 0.0 E 1 8 BOROS
1997 03 01.15 S 0.8 AA O.TE 1 17 52 CSU
1997 03 01.16 B 1.5 8¢ 3.6R 5 30 4.5 8 0.25 30 APE
1997 03 01.16 S 0.0 AA 6.3R 13 B2 12 59 337 KObS
1997 03 01.16 wM 0.5 Y 0.0 E 1 25 D8 8 315 CANO4
1997 03 01.17 a M 0.7 Y 5.0B 7 15 9 10 335 KYS
1997 03 01.17 a 0 0.6 SP 0.0 E 1 30 6 5 POD
1997 03 01.17 wB 0.7 SC 0.0 E 1 8 VELO2
1997 03 01.18 B 0,5 S 0.0 E 1 12 7 1.75 300 HALO4
1997 03 01.18 a 0 0.1 Y 0.0 E 1 10 8 10 335 KIS
1997 03 01.19 S 1.0 AA O0.0E 1 DIEO2
1997 03 01.19 a B 0.5 AL O.TE 1 BOU
1997 03 01.20 B 0.3 SC O.TE 1 5 6 ROGO2
1997 03 01.21 S 0.8 sC O.TE 1 20 8 5 MCK
1997 03 01.22 s 0.7 Y¥ 6.3B 9 12 8 B 330 ENT
1997 03 01.22 s G 0.4 AT O0.0E 1 _PERO1
1997 03 01.22 s I 0.4 AT O0.0E 1 D8 &9 320 PERO1
1997 03 01.22 s I 0.5 AT O0.0E 1 &7 325 VITO1
1997 03 01.23 s B 0.2 AT 3.5R i PERO1
1997 03 01.23 s G 0.5 AT 0.0 E i VITO1
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1997 03 01.72 B 0.3 S§C 0.0 E 1 35 4/ 14 BARO6
1997 03 01.72 w G 0.1 SC 0.0 E 1 35 74 14 BARO6
1997 03 01.81 B 0.9 AL O0.0E i 9 4 0KAOS
1997 03 01.82 B 0.6 Y¢ O0.0E i 20 54 3 300 YO0S04
1997 03 01.82 S 0.7 Y¢ 2.4B i0 15 s7 3 290 YO0S04
1997 03 01.83 S 0.3 S 15,0 R 5 25 22 7 5 NAGO2
1997 03 01.84 M 0.0 AR 0.0 E 1 3.0 330 TSUO2
1997 03 02.07 B 1.0 sC 7.0B 40 5 CHAO2
1997 03 02.07 S 0.4 AL 11.0L 7 32 17 6 4.5 IVAO3
1997 03 02.09 G 0.7 AL 0.0 E 1 21 S7 4 310 VELO3
1997 03 02.13 wB 0.6 SC O0.0E 1 8 VELO2
1997 03 02.14 a M 0.3 § 5 R 1 35 7 5 315 BHORO2
1997 03 02.15 S 0.8 AA 0.7TE 1 17 52 15 297 CSU
1997 03 02.15 wB 0.5 SC O0.0E 1 8 BOROS
1997 03 02.16 B 0.3 Y 0.0 E i 20 s7 17 320 SARO2
1997 03 02.16 B 0.4 Y 0.0 E 1 25 s7 13 325 SZE02
1997 03 02.16 S-0.1 AL 6.3R 13 52 12 59 340 KOS
1997 03 02.16 =a 0 0.5 SP 0.0 E 1 30 7 12 ZNO
1997 03 02.16 wB 0.7 SC O0.0E 1 8 RADO1
1997 03 02.17 'Y 0.4 YF 2.34 4a 3 +29 8 &5 323 MIK
1997 03 02.17 a M 0.2 TI 5 R 1 25 7 2.5 DVO0
1997 03 02.17 s M 0.6 AL 5.0B 10 15 58 MEY
1997 03 02.17 s S 0.3 AA 0.6 E 1 S8 7 MEY
1997 03 02.18 a M 0.5 S 0.0 E i 30 8 5 KONO6
1997 03 02.19 5.0B 7 26 7 5 320 DIEO2
1997 03 02.19 S 0.6 AA 0.0E i DIEO2
19987 03 02.19 s M 0.2 SC O0.0E i 20 7/ 10 290 GLI
1997 03 02.19 wB 0.5 AA 0.0 E 1 8 4.8 325 VANO6
1997 03 02.20 I 0.6 AA 0.8E 1 HASO02
1997 03 02.20 a 0 0.6 S 0.0 E 1 25 2 LIB
1997 03 02.22 M 0.4 S 5.0B 7 12 s8/ 6 GONOS
1997 03 02.23 S 0.8 S€C 3.0B 8 7 6 DINOi
1997 03 02.45 wB 0.2 YF O0.0E 1 &15 8/ 4 326 ADAO3
1997 03 02.45 wM 0.2 YF 5.0R 1 ADAO3
1997 03 02.67 wM 0.5: SC 0.0 E 1 OME
1997 03 02.78 S 1.1 S€C 0.7 E 1 9 MCK
1997 03 02.80 S 0.3 AA 5.0B 10 14 7 6 320 MOE
1997 03 02.80 !'B 0.4 YF O0.5E 1 8 ERT
1997 03 03.08 I 0.4 AA 0.8E 1 12 8 9 330 MOE
1997 03 03.10 B 0.5 AL 2.0B 2 10 7 K0Z
1997 03 03.10 B 0.9 SC 7.0B 40 6 CHAQ2
1997 03 03.10 S 0.3 AA 6.0B 20 8 SCU
1997 03 03.10 wB 0.5 SC O0.0E 1 8 SCH14
1997 03 03.10 w B 0,6 SC 0.0E 1 8 JORO1
1997 03 03.11 8.0R 10 28 11 56 >1.3 312 GERO1
1997 03 03.11 B 1.1 HD 5.0 8B 7 20 S8 7 330 MORO4
1997 03 03.11 G 0.7: AA 0.0E i GERO1
1997 03 03.11 ! G 0.1 AA O0.8E i 10 8 10 325 SHA02
1997 03 03.12 B 0.7 AA 5.0R 5§ 7 10 7 KDZ
1997 03 03.12 G 0.2 SC O0.0E 1 35 5 16 BARO6
1997 03 03.13 I 0.0 SC O.0E i 30 S6 10 325 TISHO3
1997 03 03.14 w B 0.4: A4 0.0 E i 30 6/ 8 315 CHEO3
1997 03 03.15 a S 0.5 AA 0.7 E 1 25 8 2.5 300 MENO3
1997 03 03.15 wB 0.5 SC 0.0 E 1 8 RADO1
1997 03 03.16 5-0.3 AA 6.3R 13 52 12 59 315 KOS
1997 03 03.16 w B 0.4 SC 0.0 E 1 8 VELO2
1997 03 03.17 a B 0.3 AA 0.7 E i 8 9.5 324 BOU
1997 03 03.19 5 0.3 AA 5.0B 8 40 8 4 320 BEA
1997 03 03.20 B 0.0: SC O.TE 1 5 6 R0OGO2
1997 03 03.23 !B 0.4 YF O.5E i 8 8 6 ENT
1997 03 03.78 I 0.6 AA O0.8E i 11 8 3.5 330 MOE
1997 03 03.80 S 0.4 AA O0.0FE 1 &15 7/ 3 330  NAGOS
1997 03 03.81 S 0.3 AA 5.0B 8 40 8 4 320 BEA
1997 03 03.85 § M 0.1 ¥YG O0.0E i 20 7 10 335 KOBO1
1997 03 04.06 B 0.0 SC O0.0E 1 45 5 15 323 BARO6
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1997 03 04.06 w G -0.1 SC 0.0E 1 45 5 15 323 BARO6
1997 03 04.08 B 0.6 AA 5.08B 7 12 D8 6 323 VELO3
1997 03 04.08 B 0.8 SC 7.0B 40 6 CHA02
1997 03 04.08 G 0.6 AA 0.0E 1 17 S7 5 323 VELO3
1997 03 04.11 a S 0.6 AL O.TE 1 25 8 1.5 300 MENO3
1997 03 04.12 B 1.0 HD 5.0 B 7 20 S8 7 330 MORO4
1997 03 04.14 M 0.6 AA 3.0R 4 7T 17 6 4 MATI
1997 03 04.15 $-0.3 AA 6.3 R 13 52 12 59 317 KOS
1997 03 04.18 a B 0.3 AA 0.7 E 1 8 10 325 BOU
1997 03 04.21 S 0.1 AL 5.0B 8 40 8 4 320 BEA
1997 03 04.22 !B 0.4 YF 0.5E 1 8 6 325 ENT
1997 03 04.23 a B 0.5 AT 3.5 R 1 PERO1
1997 03 04.23 a G 0.4 AT O.0E 1 PERO1
1997 03 04.23 a G 0.6 AT O0.0E i VITO1
1997 03 04.23 aI 0.3 AT O.0E 1 6 12 300 PERO1
1997 03 04.23 a I 0.6 AT O0.0E i 15 295 VITO1
1997 03 04.24 a B 0.6 AT 3.5 R 1 VITO1
1997 03 04.26 S 0.7 AL 5.08B 10 35 D7 2.5 312 TAY
1997 03 04.67 w M 0.4 SC O0.0E 1 &5.5 OME
1997 03 04.68 B 1.0 HD 5.0 B 7 18 S8 4 MORO4
1997 03 04.74 a 0 0.5 S 0.0 E i 30 2.5 LIB
1997 03 04.74 wB -0.1 AA O.0E 1 7 9 318 CHE03
1997 03 04.78 S 0.2 AA b5.0B 10 14 7 10 330 MOE
1997 03 04.80 ! S 0.5 SC 0.0E i 21 D8 7 320 SHI
1997 03 04.82 B 0.6 AA 0.0E i &15 7 10 320 MIYO1
1997 03 04.82 B 0.6: AA 5.0B 7 10 s7T 10 320 MIYO1
1997 03 04.82 I 0.6 S 0.0 E 1 0.5 310 TOY
1997 03 04.82 S 0.3 AL 0.0E 1 &15 7/ 7 300 NAGO8
1997 03 04.85 a B 0.2 YG 0.0E 1 4 300 NAKO1
1997 03 04.85 a B 0.3 AA 0.0 E i Y0S02
1997 03 05.00 S 0.3 AA 11.0L 7 32 16 6 5 IVAO3
1997 03 05.06 I 0.2 AA O0.8E 1 16 8 13 330 MOE
1997 03 05.06 w S5 -0.2 SC 0.0 E 1 50 5 14 BARO6
1997 03 05.10 G 0.6 AL O0.0E i 21 9 6 350 SER
1997 03 05.10 S 0.6 AA 6 R 10 16 18 6 3.5 295 ROM
1997 03 05.13 S 0.1 SC 0.6 E 1 15 8 7 310 OKS
1997 03 05.13 wB 0.0 AA 0.0 E 1 6/ CHEO3
1997 03 05.14 B 0.6 A4 2.0B 2 9 8 K0z
1997 03 05.14 a M 0.0 AL 0.6 E 1 S8 14 MEY
1997 03 05.14 a M 0.3 AL G5.0B i0 13 S8 MEY
1997 03 05.15 S -0.4 AA 6.3R 13 52 12 s9 330 K0S
1997 03 05.15 a M 0.0 5 5 R i 40 7/ 25 320 HORO2
1997 03 05.17 a B 0.2 AA O0.TE 1 8 9 324 BOU
1997 03 05.18 M 0.3 Y 10 B 25 20 6 1.5 HYN
1997 03 05.19 5.0 B 7 28 7 5 315 DIE02
1997 03 05.19 S 0.4 AL 0.0E 1 DIEO2
1997 03 05.19 !'V 0.2 YF 2.3 4 4 a 3 +29 8 >6 323 MIX
1997 03 05.25 S 0.2 AL 5.0B 10 26 D7 5.5 320 TAY
1997 03 05.68 B 0.7 ED 5.0B 7 15 S8 5 MORO4
1997 03 05.72 S-0.1 SC O0.0E 1 50 5 14 BARO6
1997 03 05.73 a0 0.1 SP 0.0 E i 35 6/ >8 ZNO
1997 03 05.74 wB -0.2 AL 0.0E 1 6/ 13 332 CHEO3
1997 03 05.75 5.0 B 7 12 S7 10 322 VELO3 -
1997 03 05.81 S 0.0 A4 5.0B 8 45 8 5 320 BEA
1997 03 05.82 I 0.6 S 0.0 E 1 0.5 310 TOY
1997 03 05.82 w M -0.1 YG O0.0E 1 i5 320 KIN
1997 03 05.83 B 0.6 AA 0.0E i &10 7 25 315 MIYO1
1997 03 05.83 B 0.6: AL 5.0B 7 10 s7 10 315 MIYO1
1997 03 05.83 wB 0.5 Y6 O0.0E 1 220 8 1.5 310 Y0504
1997 03 05.83 wS 0.5 Y6 2.4 8B 10 15 56 1.5 310 YDS0o4
1997 03 06.08 B 0.6 SC 7.08B 40 8 . CHAO2
1997 03 06.08 G 0.2 AL O0.0E 1 s7 12 323 VELO3
1997 03 06.08 S 0.3 AL 11.0L 7 32 20 6 6 IVAO3
1997 03 06.09 B 0.6 SC T7.0B 40 7 PEN
1997 03 06.09 B 0.6 sC 7.0B 40 9 GEN
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA OBS.

1997 03 06.10 B 0.6 sC 7.0 B 40 ] 8 GENO1

1997 03 06.10 I-0.3 SC O0.0E 1 32 s6 . 10 325 TSHO3

1997 03 06.10 w B -0.2 AA 0.0 E 1 45 5 14 BAROS6

1997 03 06.13 G 0.5 A4 O0.0E 1 20 8 6 319 GOL

1997 03 06.13 S 0.3 A4 6 R 10 16 19 6 6 305 ROM

1997 03 06.13 S ~1.0: AA 6.0B 20 8 SCU

1997 03 06.13 ' G 0.2 AA O.TE 1 14 8 3 306 SHAO2

1997 03 06.13 w B -0.1 AA 0.0 E 1 6/ 4 313 CHEO3

1997 03 06.14 B 0.5 A4 3.0B 7 6 6 339 CHV

1997 03 06.14 M 0.5 AA 3.0R 4 7 18 6 5 MAT

1997 03 06.14 a M 0.2 S 0.0 E 1 25 8 8 KONO6

1997 03 06.15 B 0.2 Y 0.0E 1 20 S7 20 330 SARO2

1997 03 06.15 B 0.6: AA 5.0B 7 10 D7 i4 323 VELO3

1997 03 06.15 G 0.3 AA O0.0E 1 VELO3

1997 03 06.15 S-0.5 AA 6.3R 13 52 14 S9 325 KOS

1997 03 06.15 a M -0.1 S 5 R 1 40 7/ 25 330 HORO2

1997 03 06.15 w B 0.9 SC 0.0 E 1 9 VELO2

1997 03 06.17 S 0.7 AA O.TE 1 17 S2 CSU

1997 03 06.18 a M -0.1 TI &5 R 1 25 8 5 DVO

1997 03 06.19 a 0 0.2 SP 0.0 E 1 30 7 . >5 320 2ZNO

1997 03 06.21 B-0.2 SC O0.7TE 1 5 10 ROGO2

1997 03 06.21 S-0.1 AA 5.0B 8 50 8 10 330 BEA

1897 03 06.23 B -0.2: Y6 0.7E 1 8 14 DAH

1997 03 06.23 B-1.2 SC 6.3R 53 7 9.5 POPO1

1997 03 06.23 !B 0.3 YF 0.5E 1 16 8 8 ENT

1997 03 06.46 w B -0.1 YF 0.0 E 1 &i15 S9 18 328 ADAO3

1997 03 06.75 w B -0.2 AA 0.0 E 1 45 5 14 BARO6

1997 03 06.78 5 0.1 AA 5.0B ° 10 13 8 ] 330 MOE

1997 03 06.79 0.3 AA 0.6 E 1 20 9 3.0 325 GILOi

1997 03 06.81 I 0.5 § 0.0 E 1 1.5 310 ToOY

1997 03 06.81 S 0.3 sC 0.7E 1 15 9 3 MCK

1997 03 06.83 wB 0.3 Y6 0.0 E 1 &20 8 2 310 Y0S04

1997 03 06.83 WS 0.2 YG 2.4 B 10 15 56 2 310 Y0S04 i
1997 03 06.92 5.0B 7 7 9 3.0 305 EHEE o
1997 03 06.92 S 0.6 Y6 0.TE 1 HEE Ol
1997 03 07.01 B 0.6 SC 7.0B 40 7 CHAQ2 S
1997 03 07.07 S 0.3 AA 11.0L 7 32 20 6 6 IVAO3 v
1997 03 07.11 B 0.6 SC 7.0B 40 4 HANO4 o
1997 03 07.12 B 0.6 SC 7.0B 40 7 GENO1

1997 03 07.13 a S 0.4 AL 0.7 E 1 25 8 3.5 305 MENO3

1997 03 07.18 'Y 0.1 YF 2,34 4a 5 +32 8 >6 325 MIK

1997 03 07.18 a B 0.1 AXA 0.7 E 1 8 12 325 BOU

1997 03 07.18 a G 0.2 AL 0.6 E 1 s8/ 8 325 KAMO1

1997 03 07.19 s M 0.0 SC 0.0 E 1 12 8 GLY

1997 03 07.22 w G -0.2 YF 0.0 E 1 212 59 11 70 ZEX

1997 03 07.26 B 0.0: Y6 0.7E 1 8 13 DAH

1997 03 07.39 Gw B 0.0 AL 0.0 E 1 8/ &5 GRE

1997 03 07.44 & G -0.1 SC 0.0 E 1 15 8 13 305 CREO1

1997 03 07.74 =a 0 -0.1 SP 0.0 E 1 35 6/ 14 325 2ZNO

1997 03 07.74 wB -0.1 AA 0.0 E 1 6/ 12 324 CHEO3

1997 03 07.76 a M 0.1 Y 0.0 E 1 20 7 3 330 HYN

1997 03 07.76 a M 0.1 Y 10 B 25 20 7 4 330 EBYN

1997 03 07.76 a 0 -0.3° Y 0.0 E 1 10 9 4 KYS

1997 03 07.77 a0 0.4 S 0.0 E i 30 3 LIB :
1997 03 07.77 8 M 0.0: SC 0.0 E 1 GLI t
1997 03 07.78 S 0.0 AA 5.0B 10 13 8 7 330 MOE b
1997 03 07.81 a M 0.3 S 0.0 E 1 25 8 8 KONO6

1997 03 07.82 !'S 0.0 A4 0.0 E 1 &15 7/ 10 330 NAGO8

1997 03 07.84 a B -0.2 AA 0.0 E 1 12 330 Y0S02

1997 03 07.99 w B -0.2 Y 0.0 E 1 8 GRE b
1997 03 08.03 G-0.5 AA 0.0 E 1 25 9 5 280 SER

1987 03 08.06 B 0.6 AA 5.0B 7 11 D8 13 324 VELO3 -
1997 03 08.08 G-0.1 AA O.0OEF 1 17 S8 13 324 VELO3 e
1997 03 08.09 G-0.5 AA O0.0E 1 8 5 322 GOL ;
1997 03 08.10 B-0.3 AA 0.0E 1 50 5 15 BARO6
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  OBS.
1997 03 08.12 M 0.4 AL 3.0R 4 7 18 6 5 MAI
1997 03 08.13 ' 5 -0.7: AA 0.0 E 1 10 ANZ
1997 03 08.13 a M -0.1 AA 0.6 E 1 S8 11 MEY
1997 03 08.13 w B -0.2 AA 0.0 E 1 22 6 6 308 CHEO3
1997 03 08.14 B-0.2 Y 0.0 E 1 15 S7° 25 330 SARO2
1997 03 08.14 5$-0.8 AA 6.3 R 13 52 14 S9 312 KOS
1997 03 08.15 a M 0.1 S 0.0 E i 20 8 10 KONO6
1997 03 08.16 B 0.4 AA O0.0E 1 STO
1997 03 08.16 a M 0.3 S 0.0 E 1 30 9 7 ZIF
1997 03 08.16 a M -0.1 TI &5 R 1 25 8 15 DVO
1997 03 08.16 w M -0.2 Y 0.0 E 1 30 D8 15 340 CANO4
1997 03 08.17 a M 0.3 S 0.0 E i 25 8 11 FIA
1997 03 08.17 a 0 0.0 SP 0.0 E i 30 7 16 335 ZNO
1997 03 08.17 wB 0.1 AA O0.0E 1 8 12 330 VANOS
1997 03 08.18 w M 0.3 SC O.0E 1 12 7/ 9 GLI
1997 03 08.19 §$-0.4 AL §5.0B 8 40 8 10 330 BEA
1997 03 08.20 S 0.8 SC 6.3 B 9 4 7 6 DINO1
1997 03 08.21 M 0.1 Y 10 B 25 25 7 2 320 HYN
1997 03 08.22 M-0.2 S 5.0 B 7 15 s8/ 9 GONOS
1997 03 08.25 B 0.5 SC 8.0B 11 D6 BROO6
1997 03 08.26 B-0.1 YG6 O.TE 1 8 14 DAH
1997 03 08.45 w M 0.0 YF ©&5.0R 1 ADAO3
1997 03 08,46 wB -0.1 YF O0.0E 1 &18 59 12 323 ADAO3
1997 03 08.53 w S 0.0 AL 5.08B 7 8 8/ 7 325 SPR
1997 03 08.70 B 0.2 HD &5.0B 7 15 s8 4 330 MORO4
1997 03 08.78 S-0.4 AA 5.0B g8 40 8 10 330 BEA
1997 03 08.79 w M -0.2 Y 0.0 E 1 30 D8 3.5 320 CANO4
1997 03 08.80 B-0.3 AA O0.0E 1 50 5 15 BARO6
1997 03 08.81 I 0.0 S8 0.0 E 1 8 330 TOY
1997 03 08.82 2.4 B 16 15 56 4 305 Y0S04
1997 03 08.82 B 0.0 AA 4.0R 8 25 57 s BARO6
1997 03 08.82 Tt S 0.0 SC O.0E 1 27 D7 9 325 SHI
1997 03 08.82 w B 0.1 YG O.0E 1 &20 8 4 305 Y0S04
1997 03 09.01 B 1.1 HD 5.0B 7 20 58 10 330 MORO4
1997 03 09.07 S 0.2 AA 11.0L 7 32 25 6 7 IVAO3
1997 03 09.10 B 0.0 HD &5.0B 7 15 S7 10 331 LEHO1
1997 03 08.10 M 0.0 AA 4.0R 8 25 S7 9 333 BARO6
1997 03 09.12 B-0.2 AA 0.0E 1 45 6 14 BARO6
1997 03 09.12 w B -0.3 AA O.0E 1 45 6 14 BARO6
1997 03 09.13 w M -0.3 AA 0.0 E 1 30 6 12 324 CHEO3
1997 03 09.14 B-0.3 Y 0.0 E 1 12 s8 20 340 SARO2
1997 03 09.14 ! S -0.4: AA 0.0 E 1 13 AN2Z
1997 03 09.16 w B 0.0 AA OC.0E 1 8 13 330 VANO6
1997 03 09.17 a B -0.1 AL O.TE 1 8 13 328 BOU
1997 03 09.17 a M -0.2 TI & R 1 25 8 6 DVO
1997 03 09.17 w B -0.2 3 0.0 E i 9 12 335 MARO2
1997 03 09.18 !t V-0.1 YF 2.3 4 4a 3 +32 8 >6 325 MIK
1997 03 09.18 w B 0.1 § 3.0B 6 9 8.5 335 MARO2
1997 03 09.18 w B -0.1 § 0.0 E 1 9 ] 330 SANO4
1997 03 09.21 5.0B 7T 20 7 4.5 320 DIE02
1997 03 09.21 S 0.1 AA O.0E 1 DIEO2
1997 03 09.22 M-0.4 S 5.0 B 7 15 s8/ 13 GOXO05
1997 03 09.22 s I 0.4 AT O0.0E 1 10 310 VITO1
1997 03 09.23 s G 0.6 AT O.0E 1 PERO1
- 1997 03 09.23 s G 0.6 AT O.0E 1 VITO1
1997 03 08.23 s I 0.3 AT O.0E 1 18 310 PERO1
1997 03 09.26 ! B -0.2 YG O.7TE 1 9 14 DAH
1997 03 09.38 w B -0.3 Y 0.0 E 1 8/ 10 GRE
1997 03 09.40 & G -0.2 SC O.0E 1 15 8 10 305 CREO1
1997 03 09.74 wB -0.3 AL O0.0E 1 25 6 6 312 CHEO3
1997 03 08.75 B 0.6 AL 5.0B 7 10 D8 12 327 _VELO3
1997 03 09.75 a B -0.3 AA O.0E 1 5 MILO2
1997 03 09.75 a M -0.4 AL O.0 E 1 5 MILO2
1997 03 09.76 a 0 -0.3: Y 0.0 E 1 10 8 >3 KYS
1997 03 09.77 I1-0.5 SC O0.0E 1 30 S7 13 330 ISHO3
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DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL PA OBS.
1997 03 09.77 w B -0.3 AA 0.0 E 1 45 6 14 BARO6
1997 03 09.78 S -0.3 SC 8.0B 12 30 ST 10 330 ISHO3
1997 03 09.78 wB 0.0 AA 4.0 R 8 25 S7 9 326 BARO6
1997 03 09.80 S 0.0 AA 5.0B 7 13 8 8 330 MOE
1997 03 09.80 w M -0.2 Y 0.0 E 1 30 D8 3.5 320 CANo4
1997 03 09.81 I 0.2 S 0.0E 1 2 330 TOY
1997 03 09.82 ! §$ -0.1 AA 0.0 E 1 15 7/ 11 330 NAGOS
1997 03 09.83 , 2.4 B 10 18 S6 4 305 Y0504
1997 03 09.83 w B -0.1 YG 0.0 E 1 220 8 5 305 Y0S04
1997 03 10.06 B 0.0 AA 5.0B 7 13 D8 15 327 VELO3
1997 03 10.06 G -0.1 AA 0.0 E 1 15 327 VEL03
1997 03 10.06 S 0.2 AA 11.0L 7 32 25 6/ 7 IVAO3
1997 03 10.10 B-0.1 HD 5.0B 7 15 ST 10 333 LEHO1
1997 03 10.11 B 0.3 AA 3.0B 7 6 6.6 346 CHV
1997 03 10.12 B 0.5 A 3.0B 8 25 8/ 4 322 SALO1
1997 03 10.13 w B -0.3 AA 0.0 E 1 6/ 14 328 CHEO3
1997 03 10.14 S-1.0 AA 6.3R 13 52 14 59 340 KOS
1997 03 10.14 a M -0.2 AL 0.6 E 1 S8 12 MEY
1997 03 10.14 aM-0.4 S 5 R 1 35 7/ 13 330 HORO2
1997 03 10.15 w G -0.4 AA 0.6 E 1 s8/ 14 332 KAMO1
1997 03 10.16 a 0 -0.1 SP 0.0 E 1 30 7 9 335 2ZNO
1997 03 10.16 w B -0.4 AL 0.0 E 1 15 8 13 330 VANO6
1997 03 10.17 a B -0.1 AL 0.7 E 1 8 12 331 BOU
1997 03 10.17 a B -0.2 AT 0.0 E 1 6 MILO2
1997 03 10.17 w G -0.5 YF 0.0 E 1 &12 s9 11 70 ZEK
1997 03 10.18 'V -0.1 YF 2.3A4 4a 3 +32 8 6 325 MIK
1997 03 10.22 a I 0.5 AT 0.0 E 1 12 310 VITo1
1997 03 10.23 a ¢ 0.7 AT 0.0 E 1 : VITO1
1997 03 10.23 a I 0.1 AT 0.0 E 1 >30 7 25 330 PERO1
1997 03 10.24 a G 0.4 AT 0.0 E 1 PERO1
1997 03 10.25 ! B -0.3 YG 0.7 E 1 9 24 DA
1997 03 10.40 _a G -0.4: SC 0.0 E 1 18 8  >5 300 CREO1
1997 03 10.70 — B 0.2 HD 3.5 B 7 18 st/ 9 332 HARO9
1997 03 10.71 G-1.0: Y 0.0E 1 8 MDSO03
1997 03 10.74 5.0 B 7 17 D8 &8 329 VELO3
1997 03 10.74 w M -0.5 AL 0.0 E 1 6/ 8 301 CHEO3
1997 03 10.75 B 0.4 AA 3.0B 7 7 6.5 342 CHV
1997 03 10.76 ! S -0.4: AA 0.0 E 1 ANZ
1997 03 10.76 a M 0.0 § 0.0 E 1 20 8 14 KONO6
1997 03 10.77 a M -0.3 S 5 R 1 30 7/ 8 330 HORO2
1997 03 10.77 a0 0.3 § 0.0 E 1 35 3 LIB
1997 03 10.78 S-0.2 AA 5.0B 10 15 8 11 335 MOE
1997 03 10.79 $-0.2 SC O0.7E 1 15 >4 MCK
1997 03 10.79 ' G 0.9 AL 0.7 E 1 9 8 0.5 305 SHAO2
1997 03 10.80 S 1.2 M 7.0B 16 10 6 1.2 340 TAY
1997 03 10.81 2,48 10 15 s6 3 310 YDSO4
1997 03 10.81 I 0.6 S 0.0 E 1 1 310 TOY
1997 03 10.81 a B 0.2 Y6 0.0 E 1 &15 8 3 310 Y0S04
1997 03 10.82 ! S -0.3 SC 0.0 E 132 D7 9 330 SHI
1997 03 11.00 S 0.2 AL 11.0L 7 32 25 6/ 7 IVAO3
1997 03 11.07 = B -0.2 HD 5.0 B 7 15 S8 7 335 MORO4
1997 03 11.08 S 0.2 AL 6 R 10 16 19 7 6 305 ROM
1997 03 11.10 B-0.2 ED 5.0B 7 15 ST 10 334 LEHO1
1997 03 11.11 B 0.4 A4 3.0B 8 23 9 4 322 SALO1
1997 03 11.11 B 0.4 AL 5.0B 7 D8 15 330 VELO3
1997 03 11.11 S -0.8 AA 6.0 B 20 8 SCU
1997 03 11.12 M 0.3 84 3.0R 4 7 18 6 5 MAT
1997 03 11.12 wB 0.0 AL 4.0 R 8 30 ST 10 BARO6
1997 03 11.12 wB -0.3 AL 0.0 E 1 45 5 16 ~ BARO6
1997 03 11.13 B 0.0 AA 2.0B 2 9 8  10.5 336 K02
1997 03 11.13 wB -0.5 AL 0.0 E 1 24 6/ 18 333 CHEO3
1997 03 11.14 S-1.1 B 6.3R 13 52 14 S9 352 . K0S
1997 03 11.14 1 8-0.3 Y 0.0 E 1 13 s7/ 3 305 SAR02
1997 03 11.14 a G -0.2 AL 0.8 E 1 6.6 325 HAS02
1997 03 11.14 a I-0.4 AL 0.8 E 1 13.8 335 HAS02
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DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1997 03 11.14 a M -0.1 AL 0.6 E 1 58 13 MEY
1997 03 11.15 aM-0.4 S 5 R 1 35 7/ 13 330 HORO2
1997 03 11.16 M-0.2 Y 10 B 25 35 3.5 HYN
1997 03 11.16 S 0.3 AA 0.7 E i 17 S2 13 346 CSU
1997 03 11.16 wB -0.6 AA 0.0 E 1 15 8 13 330 VANOG
1997 03 11.17 !V -0.1 YF 2.3 4 4a 3 +32 8 >6 MIK
1997 03 11.17 a 0 -0.3 SP 0.0 E 1 25 8 12 335 ZNO
1997 03 11.20 !B 0.2 YF 0.5 E 1 18 8 7 325 ENT
1997 03 11.21 B 1.0 AL 4.0 B 8 15 6 2.2 330 TAY
1997 03 11.21 B-0.5 SC O.7TE 1 5 8 R0GO2
1997 03 11.24 B -0.3: Y6 0.7E 1 8 17 DAR
1997 03 11.42 a € -0.4 SC 0.0 E 1 12 9 15 320 CREO1
1997 03 11.54 w S 0.1 AL 5.0 B 7 8 8/ 8 325 SPR
1997 03 11.70 B 0.0 HD 3.5B 7 15 ST/ 6 333 HARO9
1997 03 11.72 I-0.6 SC 0.0E 1 30 S7 - 15 335 ISHO3
1997 03 11.74 a M -0.3 Y 0.0 E 1 3 BYN
1997 03 11.74 wB -0.4 AL 0.0 E 1 6/ CHEO3
1997 03 11.76 B 0.2 AL 0.0 E 1 STO
1997 03 11.76 a0 -0.3 SP 0.0 E 1 25 8 16 335 ZNOD
1997 03 11.77 B 0.4 AL 3.0 B 7 6 8 CEV
1997 03 11.77 a ¥ -0.3 S 5 R 1 30 7/ 13 340 HORO2
1997 03 11.77 aM-0.3 S 5 R 1 40 7/ 15 335 PLS
1997 03 11.77 a0 0.2 S 0.0 E 1 40 4 LIB
1997 03 11.78 a ¥ 0.0 S 0.0 E 1 20 8 14 XONO6
1997 03 11.78 w B -0.2 AL 0.0 E 1 50 5 16 BAROG
1997 03 11.79 S 0.0 SC O.TE 1 20 9 >5 MCK
1997 03 11.79 wM 0.0 AL 4.0 R 8 30 S7 10 BARO6
1997 03 11.80 ! G 0.3 AL 0.7 E 1 4 8 4 308 SHAO2
1997 03 11.81 ! § -0.2 AL 0.0 E 1 215 7/ 5 300 NAGO8
1997 03 11.81 wM-0.3Y 0.0 E 1 25 D8 4 320 CANO4
1997 03 11.85 a B -0.3 YC 0.0 E 1 3 325 NAKO1
1997 03 11.99 —S 0.2 AL 11.0L 7 32 25 6/ 7 IVAO3
1997 03 12.07 B-0.3 ED 5.0B 7 18 58 5 336 MORO4
1997 03 12.08 S 0.2 AL 6 R10 16 20 6 7 315 ROM
1997 03 12.10 B -0.3 HD 5.0 B 7 is5 s7 10 335 LEHO1
1997 03 12.10 B-0.3 HD 5.0 B 7 20 58 10 335 MORO4
1997 03 12.10 wB -0.3 AL 0.0 E 1 50 5 16 BARO6
1997 03 12.10 w M -0.1 Ak 4.0 R 8 35 ST 10 BARO6
1997 03 12.11 M 0.3 AA 3.0R 4 7 20 6 5 MAT
1997 03 12.12 B 0.5 AL 3.0B 7 6 9.5 CHV
1997 03 12.12 S-0.5 AL 6.0 B 20 8 SCU
1997 03 12.13 w B -0.9 SC 0.0 E 1 8 RADO1
1997 03 12.14 S -0.1 SC 0.6E 1 12 8/ 10 300 OKS
1997 03 12.14 a M -0.1 AL 0.6 E 1 S8 8 MEY
1997 03 12.14 a M -0.4 S 5 R 1 40 7/ 17 340 HORO2
1997 03 12.15 a G -0.2 AL 0.8 E 1 5.9 330 HAS02
1997 03 12.15 a I -0.4 AL 0.8 E 1 12.5 350 HASO02
1997 03 12.15 a M -0.3 S 5 R 1 35 7/ 10 335 PLS
1997 03 12.15 a 0 -0.3 SP 0.0 E 1 30 8 17 335 ZNO
1997 03 12.16 a B -0.4 AL 0.0 E 1 8 &5 MILO2
1997 03 12.16 s G -0.5 AA 0.6 E 1 s8/ 11 326 KAMO1
1997 03 12.17 'V -0.2 YF 2.34 4a 3 +32 8  >6 MIK
1997 03 12.20 ! B -0.1 YF 0.5 E 1 18 8 7 322 ENT
1997 03 12.22 M-0.6 S 5.0B 7 15 s8/ 13 GONO5
1997 03 12.23 a2 B 0.4 AT 3.5R 1 PERO1
1997 03 12.23 a B 0.4 AT 3.5R 1 VITO1
1997 03 12.23 a G 0.3 AT 0.0 E 1 PERO1
1997 03 12.23 a G 0.6 AT 0.0 E 1 . VITO1
1997 03 12.23 a I 0.3 AT 0.0E 1 18 310 VITO1
1997 03 12.23 a I -0.1 AT 0.0 E 1 16 330 PERO1
1997 03 12.41 wB -0.2 Y 0.0E 1 8/ &5 _GRE
1997 03 12.51 s S 0.0 AL 0.0 E 1 10 9 8 320 “SPR
1997 03 12.70 B-0.3 BD 5.0B 7 19 s8 10 340 MORO4
1997 03 12.75 a 0 -0.3 SP 0.0 E 1 22 8/ 15 335 ZNO
1997 03 12.75 w B -0.7 SC 0.0 E 1 9 VALO1
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DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1997 03 12.75 w B -0.8 SC 0.0 E 1 9 RADO1
1997 03 12.77 a M 0.0 s 0.0 E 1 20 8 14 KONO6
1997 03 12.77 a M -0.5 § 3 R 40 7/ 8 335 PLS
1997 03 12.77 a M -0.5 § 5 R 1 30 7/ 10 340 HORO2
1997 03 12.77 a M -0.5 Y 10 B 25 30 6 4 325 EYN
1997 03 12.77 a0 0.1 S 0.0 E 1 35 4 LIB
1997 03 12.77 w B -0.2 24 0.0 E 1 50 5 16 BARO6
1997 03 12.78 w M 0.0 AL 4.0R 8 35 57 9 BARO6
1997 03 12.79 $-0.5 SC 0.TE 1 30 6 3 MCK
1997 03 12.80 ! G 0.3 AA 0.7 E 1 6 8 3.5 320 SHA02
1997 03 12.80 a 0 -0.2: Y 0.0 E 1 15 9 >2 KYS
1997 03 12.83 w B -0.5: AL 0.0 E i 6/ CHEO3
1987 03 12.99 w B -0.5 Y 0.0 E 1 8 GRE
1997 03 13.05 S 0.1 AL 11.0L 7 32 30 6/ 9 IVa03
1997 03 13.07 B 0.5 sC 7.0B 40 5 CHAO2
1997 03 13.08 B 1.6: AL 5.08B 7 9 6 3.3 HOM
1987 03 13.10 B-0.3 HD 5.08B 7 17 57 10 340 LEBO1
1997 03 13.10 B-0.3 HD 5.08B 7 19 58 10 340 MORO4
1997 03 13.10 G-1.5:Y 0.0 E 1 8 M0S03
1997 03 13.11 M 0.3 44 3.0R 4 7T 20 6 5 MAX
1997 03 13.13 B 0.4 sC 7.0B 40 6 HANO4
1997 03 13.13 B 0.5 sC 7.0B 40 6 GENO1
1997 03 13.14 a M -0.4 s 5 R 1 40 7/ 17 340 HORO2
1997 03 13.15 1 5 -0.4 AL 0.0 E 1 13 ANZ
1997 03 13.15 w M -0.4 Y 0.0 E 1 30 D8 18 325 CANO4
1997 03 13.17 'V -0.3 YF 2.34 4 a 3 +32 8 >6 MIK
1897 03 13.20 B-0.5 SC 0.7E 1 5 7.5 R0OGO2
1997 03 13.23 B-1.6 SC 6.3 R 53 7 10.5 POPO1
1997 03 13.23 a B 0.3 AT 3.5 R 1 PERO1
1997 03 13.23 a B 0.4 AT 3.5R 1 VITO1
1997 03 13.23 a G 0.2 AT 0.0 E 1 PERO1
1997 03 13.23 a G 0.4 AT 0.0 E 1 VITO1
1997 03 13.23 @I 0.1 AT 0.0 E 1 24 335 VITO1
1997 03 13.23 a I -0.2 AT 0.0 E 1 28 335 PERO1
1997 03 13.39 fv B -0.4 Y 0.0 E 1 8 &20 GRE
1997 03 13.66 a M -0.3 SC 0.0 E 1 20 OME
1997 03 13.70 B-0.3 HD 5.08B 7 15 58 6 345 MORO4
1997 03 13.72 a S 0.2 AA 0.7 E 1 20 8 3 320 MENO3
1997 03 13.75 w B -0.7 SC 0.0 E 1 9 RADO1
1997 03 13.82 5S-0.3 AA 5.0B 10 15 8 7 345 MOE
1997 03 13.82 S$-0.5 SC 0.7TE 1 30 6 5 MCK
1997 03 13.99 S 0.1 AA 11.0L 7 32 30 6/ 9 IVAO3
1997 03 13.99 fs B -0.5: Y 0.0 E 1 GRE
1997 03 14.09 B 0.5 sC 7.0B 40 5 HANO4
1997 03 14.10 B-0.4 HD 5.0B 7. 15 Y4 11 339 LEHO1
1997 03 14.12 B 0.5 sC 7.0B 40 6 GENO1
1997 03 14.16 a B -0.5 AL 0.0 E 1 8 18 MILO2
1997 03 14.22 S 0.6 SC 6.3B 9 6 7 4 DINO1
1997 03 14.50 s S -0.0 AA 0.0 E 1 1 9 10 325 SPR
1997 03 14.70 B-0.2 HD 3.5B 7 15 57/ 6 338 HARO9
1997 03 14.70 B-0.3 ED 5.0B 7 15 S8 MORO4
1997 03 14.80 wM-0.4 Y 0.0 E 1 30 D8 4 326 CANO4
1997 03 15.10 B-0.4 HD 5.0B 7 16 57 11 340 LEHO1
1997 03 15.45 w B -0.5 YF 0.0 E 1 S8/ 15 338 ADAO3
1997 03 156,45 w M -0.3 YF 5.0 R 1 ADAO3
1997 03 15.49 s S -0.3 A4 0.0 E 1 12 8/ 10 325 SPR.
1997 03 15.70 B-0.3 HD 3.5B 7 15 s7/ 5 340 HARO9
1997 03 15.79 '!'G 0.6 AA O0.7E 1 10 8 2 SHAO2
1997 03 15.85 !'B-0.1 AA 4.08B 8 25 6 4 3564 TAY
1997 03 15.88 S-0.4 A4 5.0B 10 16 8 12 350 MOE
1997 03 15.95 w B -0.7 AL 0.0 E i 6/ 8 330 CHEO3
1997 03 15.99 fw B -0.5 Y 0.0 E 1 8 &2 . GRE
1997 03 16.06 S 0.0 AA 11.0L 7 32 30 6/ 10 IVAO3
1997 03 16.10 ! B -0.6 Y6 0.7 E 1 8/ 14 SKI
1997 03 16.12 ! B -0.2 Y6 0.7 E 1 8/ 13 340 GRAO4
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA DBS.
1997 03 16,12 ! N 1.8 Y¢ 5.0B 10 17 8 13 GRAO4
1997 03 16.16 ' S 0.0 AA O.7 E 1 25 8 3 320 MENO3
1997 03 16.17 ! § -0.5 AAL O.0 E 1 ANZ
1987 03 16.17 ' VvV -0.3 YF 2.3 A 4 a 3 +32 8 >6 MIK
1997 03 16.22 a B 0.1 AT 3.5 R 1 VITO1
1997 03 16.22 a G 0.3 AT O.0E 1 PERO1
1997 03 16.22 a G 0.3 AT O.0E 1 VITO1
1997 03 16.23 a B 0.3 AT 3.5 R 1 PERO1
1997 03 16.23 a I -0.4 AT O.0E 1 12 310 VITO1
1997 03 16.23 ra I -0.4 AT 3.4 B 9 PERO1
1997 03 16.23 a I -0.6 AT O0.0E 1 16 310 PERO1
1997 03 16.38 w B -0.6 Y 0.0 E 1 8 15 GRE
1997 03 16.75 5.0B 7T 14 D7 &7 339 VELO3
1997 03 16.80 w M -0.5 Y 0.0E 1 30 D8 6 320 CANO4
1997 03 16.83 ! B -0.2 YG O0.TE 1 8/ 13 340 GRAO4
1997 03 16.88 ! B 0.4 AL T7.0B 16 10 D6 5 334 TAY
1997 03 16.97 ! B -0.7: ¥YG 0.7 E i 8/ 5 SKI
1997 03 16,99 ! N 1.7 YG 5.0B 10 15 7/ GRAO4
1997 03 16.99 ! ¥ 4.8 Y6 20.3 T 10 123 GRAO4
1997 03 16.989 w B -0.4 Y 0.0 E 1 8 GRE
1997 03 17.03 a G -0.6: SC 0.0 E 1 15 9 4 330 CREO1
1997 03 17.08 B 0.8: A4 5.0B 7 9 6 6.7 BOM
1997 03 17.08 w B -0.5 AF 0.0 E i 60 5 16 BARO6
1997 03 17.09 w M -0.2 AA 4.0R 8 35 S7 10 BAROG
1997 03 17.10 w M -0.8 AA O.0E 1 25 7 14 350 CHEO3
1997 03 17.13 B-0.3 440 2.0B 2 12 8 9 354 KO0z
1997 03 17.13 G-0.2 AA O0.0E 1 19 D8 14 342 VELO3
1997 03 17.15 ' ¢ 0.5 LN 0.7 E 1 10 8 2 314 SHAO2
1997 03 17.15 a B -0.4 AL O.T E 1 8 BOU
1997 03 17.17 ' G 0.3 LN 0.8 E i 12 8 10 341 SHA02
1997 03 17.20 B-0.9 SC O0.7TE 1 5 7 ROGO2
1997 03 17.22 a B 0.4 AT 3.5 R i VITO1
1997 03 17.22 a G 0.2 AT O0.0E 1 PERO1
1997 03 17.22 a G 0.3 AT 0.0 E 1 VITO1
1997 03 17.22 a I -0.5 AT 0.0 E 1 VITO1
1997 03 17.22 a I -0.5 AT O0.0E 1 10 300 PERO1
1997 03 17.23 B-0.2 AL 5.0B [ Y D8 15 342 VELO3
1997 03 17.23 a B 0.3 AT 3.5R 1 PERO1
1997 03 17.23 ra I -0.5 AT 3.4 B 9 PERO1
1997 03 17.38 fw B -0.6 Y 0.0 E 1 8/ &15 GRE
1997 03 17.70 B-0.4 HD 3.5B 7 15 s7/ 5 340 HARO9
1997 03 17.70 w B -0.9 SC 0.0 E 1 9 RADO1
1997 03 17.74 5.0 B 7 12 D8 &6 346 VELO3
1997 03 17.74 G 0.0 HD O0.0E 1 20 8 6 BRU
1997 03 17.75 B-0.5 HD 5.0B 7 19 58 5 340 MORO4
1997 03 17.79 a M -0.7 S 5 R 1 30 1/ 8 320 HORO2
1997 03 17.79 a 0 -0.1 S 0.0 E i 40 5 LIB
1997 03 17,79 a 0 -0.5 SP 0.0 E 1 40 8 11 345 ZND
1997 03 17.80 w B -0.7 AA 0.0 E 1 60 5 16 BARO6
1997 03 17.80 w M -0.6 Y 0.0 E 1 30 D8 6.5 320 CANO4
1997 03 17.81 ! S -0.4 AA 0.0 E 1 &15 7/ 12 350 NAGOS
1997 03 17.81 w M -0.3 44 G5.0B 7 35 S7 10 BARO6
1997 03 17.82 §$-0.5 A4 5.0B 10 16 8 11 350 NMOE
1997 03 17.82 ! B -0.6 YG¢ 0.7 E 1 8 7 SK1
1997 03 17.83 M-0.6 AL O0.0E 1 &20 8 &4 320 PALO2
- 1997 03 17.8¢ ! § -0.5 Y¢ 0.7 E 1 HEE
1997 03 18.01 ! B -0.3 YG 0.7 E 1 8/ 6 330 GRAO4
1997 03 18.09 B-0.5 HD &5.0B 7 16 S8 11 340 MORO4
1997 03 18.10 S 0.0 AA 6 R10 16 21 8 7 310 ROM
1997 03 18.13 $-1.5 AA 6.3R 13 52 15 59 353 KOS
1997 03 18.14 w M -0.7 Y 0.0 E 1 25 D8 20 320 . CAKO4
1997 03 18.156 a M -0.6 S 5 R i 30 7/ 15 345 HORO2
1997 03 18.15 a M -0.6 TI 5 R 1 35 8 8 295 DVO
1997 03 18.20 S 0.0 SC 3.0B 8 7 10 45 DINO1
1997 03 18.21 M -0.7 S 5.0B 7 20 s8/ 15 GDNO5
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  OBS.
1997 03 22.16 & M -0.5 SC 0.0 E 1 15 8 15 320 GLI
1997 03 22.20 a S -0.7 AA 0.0 E 17 9 14 325 SPR
1997 03 22.21 M-0.6 S 5.08B 7 20 ss/ 7 GONO5
1997 03 22.76 a G -0.2 AA 0.0 E 120 9 NEV
1997 03 22.79 I-0.9 SC O0.0E 1 35 ST >10 15 ISHO3
1997 03 22.79 §-0.5 AL 5.0B 10 18 8 8 340 MOE
1997 03 22.79 s M -0.7 SC 0.0 E 1 12 8 7 330 GLI
1997 03 22.81 a G -0.4 AA 0.6 E 1 s8/ &6 326 KAMO1
1997 03 22.81 wM-1.1 Y 0.0E 1 25 D8 7 325 CANO4
1997 03 22.82 a 0 -0.7 SP 0.0 E 1 30 8/ 6 320 ZNO
1997 03 22.83 a M -0.9: M 0.0 E 1 22 6/ CHEO3
1997 03 22.88 ! B -0.6 YG 0.7 E 1 8/ 7 SKI
1997 03 22.89 ! B 0.3 AA 4.0 B 8 18 D6 3 351 TAY
1997 03 23.00 ! M -0.7 ¥G 0.7 E 1 8/ 5 GRAO4
1997 03 23.00 ! N 1.5 YG 5.0B 10 15 5 355 GRAO4
1997 03 23.08 w M -0.1: Ah 4.0 R 8 40 ST 10 BARO6
1997 03 23.11 w B -0.4: AL 0.0 E 1 50 5 BARO6
1997 03 23.15 a 0 -0.2: Y 5.0 B 7 15 9 8 KYS
1997 03 23.16 a 0 -0.6 Y 0.0 E 1 15 9 8 KYS
1997 03 23.38 wB -0.8 Y 0.0E 1 8 &5 GRE
1997 03 23.73 wB -0.4 SC 0.0 E 1 8 RADO1
1997 03 23.74 5.0 B 7 13 D8 &6 351 VELO3
1997 03 23.74 G-0.7 AA 0.0 E 1 18 D8 VELO3
1997 03 23.76 a 0-0.4 S 0.0 E 1 40 8 LIB
1997 03 23.77T a 0 -0.7 SP 0.0 E 1 25 8 11 2 ZNO
1997 03 23.78 wB -0.5: AL 0.0 E 1 50 5 BAROS6
1997 03 23.79 aM-0.8 S 5 R 1 30 7/ 5 340 PLS
1997 03 23.80 w M -0.2: AA 4.0 R 8 40 4 9 BAROS6
1997 03 23.83 a M -0.6 TI 5 R 1 30 7 3 295 DV0
1997 03 24.02 wB -0.6 Y 0.0E 1 8 2.5 GRE
1997 03 24.04 w G -0.8 SC 0.0 E 1 20 9 6 340 CREO1
1997 03 24.07 WM -0.2: AL 4.0 R 8 30 S7 9 BARO6
1997 03 24.18 a S -0.5 AL 0.0 E 1 10 9 9 320 SPR
1997 03 24.38 a B -0.6 Y 0.0 E 1 8 a4 GRE
1997 03 24.78 S 0.3 AL O0.TE 117 s2/ 32 342 CSU
1997 03 24.80 I-1.0 SC O0.0E 1 35 ST >10 17 ISHO3
1997 03 24.84 ! B 0.2 AL 4.0 B 8 24 D6 3.2 12 TAY
1997 03 24.86 ! B -0.3: Y6 0.7 E 1 8 5.5 SKI
1997 03 24.86 ! M -0.6 YG 0.7 E 1 8/ 6 GRAO4
1997 03 24.86 ! N 1.7 Y6 5.0B 10 20 8 6 345 GRAO4
1997 03 24.97 ! G -0.3 SC 0.7 E 1 10 8 2.6 349 SHA02
1997 03 25.00 fw B -0.6 Y 0.0 E 1 8 &4 GRE
1997 03 25.07 N 4.9 Y6 20.3T 10 80 GRAO4
1997 03 25.12 a B -0.5: AL 0.0 E 1 40 6 BARO6
1997 03 25.12 a M -0.4: AL 4.0 R 8 20 S7 BARO6
1997 03 25.74 w B -0.5 SC 0.0 E 1 9 VELO2
1997 03 25.75 =a G -0.2 AL 0.0 E 1 23 9 8 357 NEV
1997 03 25.75 w B -0.6 SC 0.0 E 1 9 RADO1
1997 03 25.77 a B -1.0: AL 0.0 E 1 4 MILO2
1997 03 25.79 a B -0.6 AA 0.0 E 1 40 5 BARO6
1997 03 25.79 a M -1.2 AL 0.0 E 1 7 15 0 CHEO3
1997 03 25.80 M-0.8 A O0.0E 1 &20 8 &5 320 PALO2
1997 03 25.80 a M -0.4: AL 4.0 R 8 23 S8 BARO6
1997 03 25.84 M-1.1 S 5.08B 7 20 s8/ 10 GONO5
1997 03 25.84 §-0.5:S 0.7E 1 6 348 TH0O3
1997 03 26.12 a B -0.5: AL 0.0 E 1 35 6 BARO6
1997 03 26.12 a M -0.3: AL 4.0 R 8 22 S7 BARO6
1997 03 26.12 wM-1.0 Y 0.0 E 1 25 D8 6 330 CANO4
1997 03 26.75 a G 0.0 AA 0.0 E 1 23 9 8 358 NEV
1997 03 26.75 w B -0.6 SC 0.0 E 1 8 RADO1
1997 03 26.76 a B -0.6 Ah 0.0 E 1 40 6 . BARO6
1997 03 26.76 a M -0.5 A 4.0 R 8 20 S7 BARO6
1997 03 26.77 5.0 B 7 18 D8 10 4 VELO3
1997 03 26.77 G-0.9 AL 0.0 E 1 VELO3
1997 03 26.77 S 0.0 AA O.TE 117 s2/ CSU
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL PA  OBS.
1997 03 26.79 a S -0.7 SC 0.6 E 1 20 8/ >10 345 OKS
1997 03 26.81 a M -1.2 AR 0.0 E 120 7 8 343 CHEO3
1997 03 26.83 B-0.8 S 0.0E 1 15 9 10 5 MARO2
1997 03 26.84 S -0.5:S 0.7TE 1 6 345 THDO3
1997 03 26.84 | B -0.4 AL 4.0 B 8 21 7 3.5 345 TAY
1997 03 26.84 w G -0.9 AT 0.0 E 1 PERO1
1997 03 26.84 w I 0.0 AT 0.0 E 1 10 10 VITO1
1997 03 26.85 M-1.1 S 508 7 20 s8/ 14 GONO5
1997 03 26.85 S-1.4 AE 5.0B 8 40 8 11 350 BEA
1997 03 26.85 ! B -0.7 YG¢ 0.7 E 1 8 16 1 SKI
1997 03 26.85 w B -0.4 AT 3.5 R 1 VITO1
1997 03 26.85 w B -0.5 AT 3.5 R 1 PERO1
1997 03 26.85 w G -1.1 AT 0.0 E 1 VITO1
1997 03 26.85 rw I -1.0 AT 3.4 B 9 PERO1
1997 03 26.85 w I -1.3 AT 0.0 E 1 10 5 PERO1
1997 03 26.85 wM -1.1 Y 0.0 E 1 25 D8 9 330 CANO4
1997 03 26.86 ! M -0.6 Y6 0.7 E 1 8/ 15 7 GRAO4
1997 03 26.87 ! N 1.5 YG 5.0 B 10 27 8 15 GRAO4
1997 03 26.91 1 G -0.2 SC 0.7 E 1 10 7 5.5 347 SHAO2
1997 03 27.06 a G -0.8 SC 0.0 E 120 9 14 0 CREO1
1997 03 27.14 a B -0.8 AL 0.7 E 1 8 9.5 337 BOU
1997 03 27.16 a S -0.8 AL 0.0 E 1 18 9 14 330 SPR
1997 03 27.26 w M -0.7 SC 0.0 E 1 20 OME
1997 03 27.74 B -0.7 SC 6.3R 34 , 3 HANO4
1997 03 27.74 -1.0 AA 8.0B 12 15 9 2.5 340 MENO3
1997 03 27.75 B -0.7 SC 6.3 R 34 4 FILO6
1997 03 27.75 B-0.7 SC 6.3R 34 4 GEN
1997 03 27.76 G-0.8 AA O0.0E 1 15 D8 11 2 VELO3
1997 03 27.76 a B -0.6 AR 0.0 E 1 40 6 15 5 BARO6
1997 03 27.76 a M -0.5 AL 4.0 R 8 20 S7 BARO6
1997 03 27.81 M-1.0 A4 0.0E 1 &20 8 10 320 PAL0O2
1997 03 27.81 S-0.6 AA - 5.0 B 10 22 8 14 10 MOE
1997 03 27.82 WK -1.2 Y 0.0 E 1 25 D8 11 335 CANO4
1997 03 27.83 B-1.8 SC 6.3 R 53 7  12.5 POPO1
1997 03 27.83 'V -0.5 YF 3.2 4 3a 1 +34 8 >7 MIK
1997 03 27.85 B-1.0 S 0.0E 120 9 16 5 MARO2
1997 03 27.85 M-1.1 S 5.0B 7 20 s8/ 16 GONO5
1997 03 27.85 a B -0.6 AT 3.5 R 1 VITO1
1997 03 27.85 a B -0.7 AT 3.5 1R 1 PERO1
1997 03 27.85 a G -1.2 AT 0.0 E 1 PERO1
1997 03 27.85 a G -1.2 AT 0.0 E 1 VITO1
1997 03 27.85 ra I -0.8 AT 3.4 B 9 PERO1
1997 03 27.85 a I -1.0 AT 0.0 E 1 10 VITO1
1997 03 27.85 a I -1.5 AT 0.0 E 1 10 PERO1
1997 03 27.86 B-0.7 SC 6.3R 34 4 K0JO1
1997 03 27.89 ! B -0.9 YG¢ 0.7 E 1 8 15 SKI
1997 03 27.89 a 0 -0.3 S 0.0 E 1 40 3 LIB
1997 03 27.90 ! M -0.8 YG 0.7 E 1 8/ 15 5 GRAO4
1997 03 27.90 ! N 1.5 YG¢ 5.0 B 10 26 8 13 GRAO4
1997 03 27.97 ' B 0.2 AL 5.0 B 10 12 7 2.2 355 TAY
1997 03 28.02 fw B -0.8 Y 0.0 E 1 8 &13 GRE
1997 03 28.06 a6 -0.8 SC 0.0 E 1 20 9 15 5 CREO1
1997 03 28.07 ! N 4.5 YG 20.3 T 10 123 GRAO4
1997 03 28.12 ! ¢ -0.1 SC 0.7 E 1 10 8 6 339 SHA02
1997 03 28.74 B -0.7 SC 6.3R 34 9 CHA02
1997 03 28.74 B -0.7 SC 6.3 R 34 9 K0JO1
1997 03 28.76 B-1.0 AL 8.0 B 12 15 9 2.5 330 MENO3
1997 03 28.76 B-1.9 SC 6.3 R 53 7 12 POPO1
1997 03 28.76 S-0.8 SC 0.6 E 1 12 9 10 350 OKS
1997 03 28.77 a M -0.7 Y 0.0 E 1 20 9 15 KYS
1997 03 28.80 aM-1.1 S 5 R 1 50 8 16 325 HOR02
1997 03 28.81 a M -0.6 S 0.0 E 1 25 9 24 . KONO6
1997 03 28.81 aM-1.0 S 5 R 1 45 7/ 16 340 PLS
1997 03 28.81 a 0 -0.9 SP 0.0 E 1 25 8 21 12 2N0
1997 03 28.82 S-0.6 Ab 5.0B 10 23 8 15 10 MOE
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  DBS.
1997 03 28.82 ! B -0.3 AA 4.0B 8 18 7 3 358 TAY
1997 03 28.82 w M -0.9 SC O0.0E 1 12 8 12 340 GLI
1997 03 28.8¢ a B -0.8 AA 0.7 E 1 8 15 10 BOU
1997 03 28.85 ' 5.0 B 7 12 7 10 355 DIE02
1997 03 28.85 S-0.7 AA O0.0E 1 DIEO2
1997 03 28.85 ' G -0.4 AE 0.8 E 1 10 8 15 12 SHAO2
1997 03 28.85 a G -1.3 AR 0.8 E 1 8.0 330 HASO2
1997 03 28.85 a I -1.4 AT 0.0 E 1 &8 VITO1
1997 03 28.88 B -0.9 S 0.0 E 1 12 9 15 5 MARO2
1997 03 28.88 S-1.1 AE 5.08B 8 50 8 12 350 BEA
1997 03 28.89 B-1.3 S 0.0 E 1 9 20 3 SANO4
1997 03 28.89 I M -0.8 YG 0.7 E 1 8/ 15 6 GRAO4
1997 03 28.88 ! N 1.6 YG 5.08B 10 25 8 13 350 GRAO4
1997 03 28.89 a 0 -0.5 S 0.0 E 1 40 7 LIB
1997 03 28.8¢ ! B -0.6 YG 0.7 E 1 8 15 SKI
1997 03 28.98 ! N 4.5 YG 20.3 T 10 123 GRAO4
1997 03 29.76 G-0.9 AA O0.0E 1 11 7 VELO3
1997 03 28.76 5 0.0 AA 0.7 E i 17 s2/ CSU
1997 03 29.77 B-0.5 AA 5.08B 10 50 8 2.8 FOG
1997 03 29.77 5-1.8 AA 6.3 R 13 52 25 59 15 KOS
1997 03 29.78 a B -0.4 AL 0.0 E 1 16 MILO2
1997 03 29.79 ¢+ B -0.9 Y 0.0 E 1 12 58 13 10 SARO2
1997 03 29.81 G 0.0: SC O.TE 1 &10 8 1 360 SHAO2
1997 03 29.82 5-0.6 AL 5.0B 10 24 8 i7 15 MOE
1997 03 29.82 a M -0.9 Y 0.0 E 1 20 9 >15 KYS
1997 03 29.83 B-1.0 8 0.0 E 1 10 9 19 10 MARO2
1997 03 29.83 ' Vv -0.4 YF 3.24 3 a 1 +34 8 >7 MIK
1997 03 29.83 wM-1.2 Y 0.0 E 1 25 D8 15 330 CANO4
1997 03 29.85 M-0.9 AA O0.0E 1 &25 8 15 330 PALO2
1997 03 29.85 M-1.1 S8 5.0 B 7 20 s8/ 19 GONOS
1997 03 29.85 S-1.0 AE 5.0B 8 40 8 8 355 BEA
1997 03 29.85 ™ B -0.7 AT 3.5R 1 PERO1
1997 03 29.85 a B -0.8 AT 3.5 R 1 VITO1
1997 03 29.85 a G -1.0 AT O0.0E 1 PERO1
1997 03 29.85 a G -1.1 AT 0.0 E i VITO1
1997 03 29.85 ra I -1.0 AT 3.4 3B 9 PERO1
1997 03 29.85 a I -1.1 AT 0.0 E 1 PERO1
1997 03 29.85 a I -1.1 AT O0.CE 1 VITO1
1997 03 29.85 ra I -1.3: AT 3.4 B 9 VITO1
1997 03 29.85 =a 0 -0.9 SP 0.0 E i 25 8/ 18 9 2ZND
1997 03 29.86 ! B -0.6 AL 4.0 B 8 19 7 4.2 360 TAY
1997 03 29.88 a M -1.1 S 5 R 1 45 8 12 330 EHORO2
1997 03 29.89 =a B -0.9 Y 10 B 25 40 7 6 345 HYN
1997 03 29.96 ' B -0.5 Y¢ 0.7 E 1 10 SKI
1997 03 30.13 ' M -0.7 YG¢ 0.7 E 1 8 9 351 GRAO4
1997 03 30.13 ' N 1.7 ¥¢ 5.0 B 10 20 7/ 8 8 GRAO4
1997 03 30.16 ' N 4.7 Y6 20.3 T 10 123 GRAO4
1997 03 30.75 a B -0.8 AL 0.0 E 1 40 6 15 BARO6
1987 03 30.75 a G -0.9 AL 0.0 E 1 40 6 15 BARO6
1997 03 30.76 G-0.9 AA O0.0E 1 VELO3
1987 03 30.76 a G 0.0 AA O.0E 1 26 9 i1 5 NEV
1997 03 30.77 a M -1.2 AL O.0E 1 &30 7 17 14 CHEO3
1997 03 30.77 =2 0 -0.8 SP 0.0E 1 20 7 20 8 ZNO
1987 03 30.78 §-1.8 AA 6.3 R 13 52 25 59 15 KOS
1997 03 30.78 =a B -0.4 AL O.0E 1 12 MILO2
1997 03 30.78 a M -0.8 Y 0.0 E 1 20 9 17 KYS
1997 03 30.79 B-0.8 AA 0.0E 1 STO
1997 03 30.79 S-0.6 AL 5.0B 10 50 8 3.0 10 FOG
1997 03 30.79 S -0.7 SC 0.6 E 1 15 8/ 9 350 OKS
1997 03 30.79 a M -1.1 S 5 R 1 45 7/ 19 7 EHORO2
1997 03 30.79 a M -1.1 S 5 R 1 45 7/ 20 5 PLS
1997 03 30.79 a M -1.2 TI 5 R 1 40 7/ 12 DVO
1997 03 30.80 ¢ ¥V -0.5 YF 3.24 3 a 1 +34 8 >7 MIK
1997 03 30.81 a 0 -0.6 S 0.0 E 1 35 8 LIB
1997 03 30.82 s M -0.9 SC O0.0E 1 12 8 14 335 GLIT
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT

) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA OBS.
1937 03 30.83 E

aB-0.8 AL 0.7 1 8 21 12 BOU
1997 03 30.83 wM -1.2 Y 0.0 E 1 25 D8 11 330 CANoO4
1997 03 30.84 ! G -0.3 AE 0.8 E 1 ) 8 14.5 360 SHA02
1997 03 30.85 M-1.1 § 5.0 B 7 20 s8/ 18 GONOS
1997 03 30.85 ! B -0.2 AA 4.0 B 8 21 8 1 15 TAY
1997 03 30.85 a M -0.6 S 0.0 E 1 20 9 24 KONO6
1997 03 30.86 ! M -0.6 ¥YG O0.7E 1 8 13 348 GRAO4
1997 03 30.86 'N 1.8 Y6 5.0B 10 25 7/ 11 355 GRAO4
1997 03 30.87 5.0 B 7T 12 7 8 355 DIE02
1997 03 30.87 5-0.7 AA 0.0FE i DIEO2
1997 03 30.87 a I -0.9 AA 0.8 E 1 25 8 11 330 MOE
1997 03 31.00 !B -~0.8 Y6 0.7E 1 15 SKI
1997 03 31.01 £s B -0.5 Y 0.0 E 1 8 &7 GRE
1997 03 31.07 wB -0.6 AE 0.0 E 1 S9 7 9 ADAO3
1997 03 31.78 S-2.0 AA 6.3R 13 52 26 59 20 KOS
1997 03 31.79 a M -1.1 § 5 R 1 45 8 14 10 HORO2
1997 03 31.80 a G -1.2 AA 0.8 E 1 12.9 332 HAS02
1937 03 31.80 "a 0 -0.6: Y 0.0 E 1 20 ) >3 . KYS
1997 03 31.83 aB-0.9 Y 10 B 25 40 7 10 350 HYN
1997 03 31.83 a G -0.5 AL 0.6 E 1 s8/ 15 10 KAMO1
1997 03 31.83 a 0 -0.5 S 0.0 E 1 35 8 LIB
1997 03 31.83 a 0D -0.7 SP 0.0 E 1 18 8 14 ZR0
1997 03 31.84 5.0 B 7 12 7 8 355 DIE02
1997 03 31.84 S-0.7 AA 0.0E 1 DIEO2
1997 03 31.84 ! B-0.1 AL 4.0 B 8 12 8 4.2 15 TAY
1997 03 31.8¢ a B -0.9 AL O0.7E . 8 14 14 BOU
1997 03 31.84 aS-0.9 AL 5.0B 10 23 8 17 20 MOE
1997 03 31.85 B-1.0 S 0.0 E i 20 9 14 15 MARO2
1997 03 31.85 M-1.1 S 5.0B 7 20 S8/ 16 GONOS
1997 03 31.85 $-1.0 AE 5.0B 8 40 8 8 360 BEA
1997 03 31.85 !¢ -0.7 AE 0.8 E 1 12 8 16 350 SBHA02
1997 03 31.85 a G -0.9 AT 0.0 E i PERO1
1997 03 31.85 "G -1.0 AT 0.0 E 1 VITO1
1997 03 31.85 ra I -0.8 AT 3.4B 9 PERO1
1997 03 31.85 a I -1.1 AT 0.0 E 1 15 20 PERO1
1997 03 31.85 a I -1.2 AT 0.0E 1 VITO1
1997 03 31.86 !B-0.6 YG O0.7E 1 8 14 SKI
1997 03 31.86 '!'M-0.9 YG O0.7TE 1 &20 8 i6 358 GRAO4
1997 03 31.86 !N 1.6 Y6 5.08B 10 22 7/ 13 3 GRAO4
1997 03 31.86 a B -0.3 AT 3.5R 1 VITo1
1997 03 31.86 a B -0.4 AT 3.5R 1 PERO1
1997 03 31.87 a B -0.8 AA 0.0E 1 45 6 15 BARO6
1997 03 31.95 !B 0.6 SC 5.0B 7 18 8 SHAO02
1997 04 01.05 w G -0.6 SC 0.0 E 1 21 ) 15 10 CREOi1
1997 04 01.10 a B -0.8 AA 0.0 E 1 40 6 16 BARO6
1997 04 01.14 w B -0.7 AE 0.0 E 1 59 8 350 ADA0O3
1997 04 01.17 a S -0.5 AL 0.0 E 1 21 9 12 320 SPR
1997 04 01.76 a G 0.3 AA 0.0 E 1 24 9 12 9 NEV
1997 04 01.77 a G -1.0 AA 0.0 E 1 38 6 16 BARO6
1997 04 01.78 a B -0.3 AA 0.0 E 1 6 MILO2
1997 04 01.78 a M -1.3 AA 0.0 E 1 &30 7 15 345 CHEO3
1997 04 01.78 aM-1.3 TI 5 R 1 30 7/ 4 DVD
1997 04 01.79 a M -0.6 Y 0.0 E 1 20 9 17 . KYS
1997 04 01.80 ! M-1.0 Y 0.0 E 1 12 58 25 15 SARO2
1997 04 01.80 a M -1.1 § 5 R 1 40 8 5 10 HORO2
1997 04 01.80 a 0 -0.7 SP 0.0 E 1 18 8 16 10 ZNO
1997 04 01.81 a M -0.8 S 0.0 E 1 25 8/ 23 KONO6
1997 04 01.82 s M -0.9 SC 0.0 E 1 10 8 15 20 GLI
1997 04 01.83 a G -1.1 A4 0.8 E i 12.0 341 HAS02
1997 04 01.83 a D -0.4 S 0.0 E 1 35 7 LIB
1997 04 01.84 a B -0.9 AL 0.7 E 1 8 22 15 BOU
1997 04 01.84 a G -0.3 AA 0.6 E i S8/ 13 15 KAMO1
1997 04 01.85 M-1.1 8§ 5.0 B 7 20 s8/ 20 GONOS
1997 04 01.85 a S -0.8 AL 5.0B 10 20 8 8 320 MDE
1997 04 01.87 5.0B 7 11 7 8 358 DIE02
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA OBS.
1997 04 01.87 S -0.6 AL 0.0 E 1 DIEO2
1997 04 01.87 ' B -0.5 YG 0.7 E 1 8 14 14 SKI
1997 04 01.88 ! B -0.6 YG 0.TE 1 8 14 18 GRAO4
1997 04 01.88 ! N 1.7 YG 5.0 B 10 23 7/ 14 22 GRAO4
1997 04 02.04 a B -0.7: AA 0.0 E 1 35 6 16 BARO6
1997 04 02.04 fw B -0.7 Y 0.0E 1 8  &20 GRE
1997 04 02.06 w G -0.6 SC 0.0 E 1 15 9 18 10 CREO1
1997 04 02.08 ! N 4.3 YG 20.3 T 10 123 GRAO4
1997 04 02.18 a S -0.3 AA 0.0 E 1 20 9 10 340 SPR
1997 04 02.78 ' M -0.9 Y 0.0 E 1 12 s8 24 20 SARO2
1997 04 02.78 a B -0.4 AA 0.0 E 1 4 MILO2
1997 04 02.78 a B -0.9 AA 0.0 E 1 40 6 15 BARO6
1997 04 02.78 =a G 0.2 AA 0.0 E 1 21 9 14 15 NEV
1997 04 02.78 a M -0.9 AA 0.0 E 1 18 7 14 18 CHEO3
1997 04 02.79 'V -0.5 YF 3.2 4 3a 1 +34 8 >7 MIK
1997 04 02.79 a 0 -0.7 SP 0.0 E 1 18 7/ 16 12 ZNO
1997 04 02.80 a B -1.0 Y 10 B 25 30 7 8 360 HYN
1997 04 02.80 a M -0.8 AA 4.0 R 8 25 S8 BARO6
1997 04 02.80 a M -0.9 S 5 R 1 40 7/ 10 25 HORO2
1997 04 02.80 aM-1.1 § 5 R 1 50 7/ 10 20 PLS
1997 04 02.80 a M -1.2 TI 5 R 1 30 8 3 DVO
1997 04 02.83 2 0 -0.7 § 0.0 E 1 35 9 LIB
1997 04 02.84 5.0 B 7 11 7 8 0 DIE02
1997 04 02.84 S -0.6 AL 0.0E 1 DIEO2
1997 04 02.85 M-0.6 AL O0.0E 1 825 8 &8 PALO2
1997 04 02.85 M-0.9 S 5.0B 7 20 ss/ 18 GONOS5
1997 04 02.96 a M -0.9 AL 0.0 E 1 7 12 333 CHEO3
1997 04 03.05 fw B -0.7 Y 0.0 E 1 8/ &i5 GRE
1997 04 03.78 ! M-1.2 Y 0.0E 1 14 s8 30 15 SARO2
1997 04 03.78 a B -0.4 AA 0.0 E 1 5 MIL02
1997 04 03.79 a B -0.8 AA 0.0 E i 55 6 16 BARO6
1997 04 03.79 =G -0.9 AA 0.0 E 1 50 6 16 BARO6
1997 04 03.79 a M -0.6 S O0.0E 1 20 8/ 20 KONO6
1997 04 03.80 aM-1.0 S 5 R 1 30 7/ 12 345 HORO2
1997 04 03.83 a0 -0.5 S 0.0 E 1 35 7 LIB
1997 04 03.83 wM-1.1 Y 0.0E 1 25 D8 12 330 CANO4
1997 04 03.85 5.0 B 7 11 7 8 358 DIEO02
1997 04 03.85 S -0.6 AA 0.0E 1 DIEO2
1997 04 03.85 a B -0.7 AA 0.7 E 1 8 16 20 BOU
1997 04 03.86 M-0.8 S 5.0B 7 20 ss/ 20 GONOS
1997 04 03.86 ! G -0.5 AE 0.7 E 1 12 8 12 8 SHAO2
1997 04 03.88 S -0.8 AL 5.0B 10 22 8 12 30 MOE
1997 04 03.90 S-1.1 AE 5.0B 8 40 8 12 15 BEA
1997 04 04.18 a S -0.8 AL 0.0 E 1 22 9 14 340 SPR
1997 04 04.78 ! M -1.1 Y 0.0E 1 14 s8 35 15 SAR02
1997 04 04.81 a B -0.9 AL 0.0 E 1 48 6 16 BAROG
1997 04 04.81 a M -0.9 AL 4.0 R 8 20 D7/ 15 BARO6
1997 04 04.82 a S -0.5 AL 5.0 B 10 20 8 12 25 MOE
1997 04 04.85 ! M -0.8 AA 0.0 E 1 &25 8 k15 PALO2
1997 04 04.85 a B -0.4 AT 3.5R 1 PERO1
1997 04 04.85 a B -0.6 AT 3.5R 1 VITO1
1997 04 04.85 a G -0.8 AT 0.0 E 1 VITO1
1997 04 04.85 a I -1.5 AT 0.0 E 1 VITO1
1997 04 04.86 a G -0.9 AT 0.0 E 1 PERO1
1997 04 04.86 a I -1.1 AT 0.0 E 1 12 0 PERO1
1997 04 04.86 ra I -1.1 AT 3.4 B 9 PERO1
1997 04 04.87 =a 0 -0.8 SP 0.0 E 1 35 6/ 20 11 ZNO
1997 04 04.88 B-0.9 S O0.0E 1 25 9 13 340 MARO2
1997 024 05.05 a M -0.9 AL 0.0 E 1 18 7 15 18 CHE03
1997 04 05.07 fw B -0.7 Y 0.0 E 1 8 &5 GRE
1997 04 05.19 =a S -0.7 AL 0.0 E 1 22 9 12 345 SPR
1997 04 05.78 a G 0.5 AL 0.0 E 1 20 9 NEV
1997 04 05.79 a B -0.8 AL 0.0 E 1 55 6 14 BARO6
1997 04 05.79 a M -0.7 AA 4.0R 8 21 D7/ 15 BARO6
1997 04 05.81 B-0.2 SC 6.3R 34 18 CHAO2
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Comet C/1995 01 (Bale-Bopp) [conmt.
DATE (UT) N MM MAG. RF apP.
1987 04 05.82 B -0.2 s¢ 6.3
1997 04 05.82 B -1.2 s¢ 3.5
1997 04 05.83 B -0.7 s 0.0
1997 04 05.86 M-0.8 § 5.0
1997 04 06.78 a B -0.4 A4 0.0
1997 04 06.79 5 -0.7 AL 5.0
1997 04 06.82 'V -0.6 YF 3.2
1997 04 06.84 a B -0.5 A4 0.7
1997 04 06.84 a ¢ -0.2 42 0.8
1997 04 06.84 a ¢ -0.6 S 0.0
1997 04 06.84 ga g -0.6 A4 5.0
1997 04 06.84 w M -0.2 s§C 0.0
1997 04 06.85 5.0
1997 04 06.85 S-0.6 AA 0.0
1997 04 06.86 M-0.7 s 5.0
1997 04 07.20 a s -0.3 44 0.0
1997 04 07.77 B 0.5 s¢ 6.3
1997 04 07.78 '!'5$-0.8 a2 0.0
1997 04 07.78 a ¢ 0.4 AL 0.0
1997 04 07.78 a0 -0.8 SP 0.0
1997 04 07.79 a M 1.0 TI 5
1997 04 07.80 a B -0.7: AL 0.0
1997 04 07.80 a M -0.7: AL 4.0
1997 04 07.81 B 0.5 s¢ 6.3
1997 04 07.81 'V -0.5 YF 3.2
1997 04 07.81 a B -1.1 Y 10
1997 04 07.81 a M -1.0 s 5
1997 04 07.81 a p -0.8 s 0.0
1997 04 07.82 a ¢ -0.8 AA 0.8
1997 04 07.82 a ¥ -0.6 S 0.0
1997 04 07.84 B-0.4 AE 0.8
1997 04 07.84 a s - 6 AA 5.0
1997 04 07.84 —w ¢ - 4 AL 0.6
1997 04 07.85 a B - 3 AT 3.5
1997 04 07.85 a B - 4 AT 3.5
1997 04 07.85 a B - .5 AL 0.7
1997 04 07.85 a ¢ - .7 AT 0.0
1997 04 07.85 a G - 8 AT 0.0
1997 04 07.85 a T - 5 AT 0.0
1997 04 07.85 a T - 6 AT 0.0
1997 04 08.03 fa B - 5 Y 0.0
1997 04 08.06 vy g - 5 SC 0.0
1997 04 08.75 B 0.7 s¢ 6.3
1997 04 08.76 B 0.7 s¢c 6.3
1997 04 08.76 a M -0.6 s 4.0
1997 04 08.7¢ as -0.7 Az 0.0
1997 04 08.77 a1 -0.8 1AA 0.0
1997 04 08.77 a5 -0.6 AT 0.0
1997 04 08.78 a B -0.5 AT 0.0
1997 04 08.78 a ¢ 0.4 A 0.0
1997 04 08.80 a M -1.0 s 5
1997 04 08.80 a g -0.8 S 0.0
1997 04 08.83 a ¥ -0.6 S 0.0
1997 04 08.85 a p -0.6 SP 0.0
1997 04 08.90 1 ¥ -0.9 A 0.0
1997 04 09.06 fa B -0.5 Y 0.0
1997 04 09.20 2 S-0.5 a4 0.0
1997 04 09.21 S-1.0 &E 5.0
1997 04 09.75 B 1.1 s¢ 6.3
1997 04 09.76 B 1.1 s¢ 6.3
1997 04 09.77 a B -0.3 AT 0.0
1997 04 09.78 a I -0.8 44 0.0
1997 04 09.79 a @ 0.5 a4 0.0
1997 04 09.79 a ¥ -0.7 A4 4.0
1997 04 09.81 !'$-0.6 84 0.0
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DC TAIL pa gBs,
11 HANO4
8 3.10 352 APE

9 14 340 MARO2 4
S8/ 14 GONO5 Q
8 MILO2 i
8 4.0 32 FOG
8 >7 MIK
8 19 29 BOU
s8/ 11 23 KAMO1
10 LIB
8 14 330 MOE
8 10 25 GLI
7 7 345 DIE0?2 :
DIEO2 8
s8/ 11 GONOS i
9 10 340 SPR i
13 GEN b
ANZ '
9 10 29 NEV
7 17 15 ZND
8 9 DVO
6 BARO6
8 BARO6
11 CHAO2
8 >7 MIK
7 15 20 HYN
7/ 10 35 HOR02
11 LIB
15.3 340 E1S02
8/ 21 KONO6
8 16 13 SHA02
8 15 330 MOE
s8/ 11 27 KAMO1
VITO1
PERO1
8 16 30 BOU
VITO1
PERO1
VITO1
PERO1
8/ &7 GRE
9 12 0 CREOi
11 GENO1
13 CHAO2
S7  >13 BARO6
S7  >12 BARO6
S8 >12 BAROS
4 MILO2
4 MIL02
9 12 351 NEV
7/ 5 35 HORO2
12 LIB
8 23 KONo6
7 12 20 ZNO
8 g8 PALO2
8 &4 GRE
9 10 345 SPR
8 5 25 BEA
10 GEN
VASO03
8 MILO2
S7/ >13 . BARO6
9 16 349 NEV
S7  >13 BARO6

ANZ
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PHWR COMA DC TAIL PA 0BS.
1997 04 09.81 aB-1.2 Y 10 B 25 25 7 8 25 HYN
1997 04 09.83 B 1.1 SC 6.3 R 34 11 CHAQ2
1997 04 09.83 a$ -0.4 AA 5.08B 10 18 8 14 330 MOE
1997 04 09.89 ‘B 0.3 SC 0.8 E 1 15 8 25 22 SHAO02
1997 04 09.91 w M -0.4 SC 0.0 E i 12 8 >8 0 GLI
1997 04 09.92 S -1.0 AE 5.08B 8 40 8 10 25 BEA
1997 04 10.06 fw B -0.7 Y 0.0 E 1 8 &i5 GRE
1997 04 10.46 a S -1.0: YG 0.0 E 1 &i5 8/ 15 350 NANO2
1997 04 10.75 B 1.1 SC 6.3 R 34 5 GEN
1997 04 10.76 B 1.1 SC 6.3 R 34 5 ILI
1997 04 10.76 B 1.1 SC 6.3 R 34 6 VASO3
1997 04 10.76 B 1.1 SC 6.3 R 34 11 CHAO2
1997 04 10.83 1 V-0.7 YF 3.24 3a 1 +34 8 >7T MIK
1997 04 10.85 B -0.3 AE 0.8E i 20 8 20 15 SHA02
1997 04 10.86 M-0.7 S 5.0B 7 15 S9 15 GONOS
1997 04 10.88 S -1.0 AE 5.0B 8 40 8 12 30 BEA
1997 04 10.89 a S -0.5 AA 5.0B io 17 8 11 35 MOE
1997 04 11.05 fa B -0.6 Y 0.0 E i 8 7 GRE
-1997 04 11.21 a S -0.3 AL O.0E i 20 9 10 345 SPR
1997 04 11.57 B 1.1 SC 6.3 R 34 8 CHAO2
1997 04 11.75 B 1.1 SC 6.3 R 34 7 GEN
1997 04 11.76 B 1.1 SC 6.3 R 34 5 TLI
1997 04 11.76 B 1.1 SC 6.3 R 34 6 GENO1
1997 04 11.79 B 1.1 SC 6.3 R 34 8 HANO4
1997 04 11.79 a 0 -0.5 SP 0.0 E 1 40 6/ 32 3 ZNo
1997 04 11.82 a M -0.3 § 0.0 E 1 25 8 19 KONO6
1997 04 11.84 a B -0.7 Y i0 B 25 20 7 8 20 HYN
1997 04 11.84 s M 0.0 SC 0.0 E 1 8 8/ 10 10 GLI
1997 04 11.85 a B -0.3 AT 3.5 R 1 PERO1
1997 04 11.85 a B -0.7 AT 3.6 R 1 VITO1
1997 04 11.85 a G -0.2 Ak 0.6 E 1 ss/ KAMO1
1997 04 11.85 @& G -0.7 AT 0.0 E 1 PERO1
1997 04 11.85 a G -0.7 AT 0.0 E 1 VITO1
1997 04 11.85 a I -0.8 AT 0.0 E 1 14 30 PERO1
1997 04 11.85 a I -0.9 AT 0.0E 1 VITO1
1997 04 11.85 a S -0.4 AL 5.03B 10 16 8 10 35 MOE
1997 04 11.86 ! B-0.4 AE O0.TE i 20 8 17 29 SHA02
1997 04 11.88 S -0.8 AE 5.0 B 8 30 8 6 30 BEA
1997 04 12.03 fs B -0.4: Y 0.0 E i 8 &5 GRE
1997 04 12.19 a S -0.2 AL 0.0 E 1 20 9 6 345 SPR
1997 04 12.42 s S -0.7 Y6 O0.0E 1 &i5 8/ 2 0 NANO2
1997 04 12.78 a B -0.5 AT 0.0 E 1 8 MILO2
1997 04 12.78 a I -0.8 AL O.0E 1 38 S7  >14 BAROS
1997 04 12.84 a M -0.3 S 0.0 E 1 25 8 19 KONoO6
1997 04 12.84 =a S -0.2 AL 5.0B 10 16 8 11 335 MOE
1997 04 13.77 a B -0.6: AT 0.0 E 1 4 MILO2
1997 04 13.78 a I -0.8 AL 0.0 E 1 38 S7  »>14 BARO6
1997 04 13.79 a M -0.8 AL 4.0R 8 20 87 >13 BAROG6
1997 04 13.79 =a 0 -0.3 SP 0.0 E i 40 7 21 0 ZNO
1997 04 13.80 a 0 -0.6 S 0.0 E 1 30 8 LIB
1997 04 13.83 s M -0.2 SC 0.0 E 1 10 8 11 15 GLI
1997 04 13.84 =a G -0.2 AA 0.6 E 1 s8/ KAMO1
1997 04 13.85 B 0.6 SC 0O.TE 1 i5 7 4 28 SHA02
1997 04 14.79 a B -0.6 AT O0.CE i 2 MILO2
1997 04 14.83 a S -0.1 AA 5.0 B 10 16 8 8 340 MOE
1997 04 14.85 | B-0.7 AE 0.8E 1 20 8 10 18 SHAQ2
1997 04 14.85 a B -0.4 AT 3.5R 1 VITO4
1997 04 14.85 a B -0.6 AT 3.5 R 1 PERO1
1997 04 14.85 a G -0.5 AT 0.0 E 1 VITO1
1997 04 14.85 a G -0.6 AT 0.0 E 1 PERO1
1997 04 14.85 a I -0.6 AT O0.0E 1 >8 30 _PERO1
1997 04 14.85 a I -0.7 AT 0.0 E i VITO1
1997 04 14.88 M-0.3 § 5.0B 7 i5 S9 13 GONO5
1997 04 15.04 fa B -0.5 Y 0.0 E i 8 &6 GRE
1997 04 15.06 a G -0.3 SC 0.0 E 1 15 9 4 20 CREO1
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA ODBS.
1997 04 15.82 'V -0.4 YF 3.24 3a 1 +34 8 >7 MIK
1997 04 15.8¢ a M 0.3 SC 0.0 E 1 10 8 GLI
1997 04 15.84 a M -0.6: 44 4.0 R 8 18 S7 BARO6
1997 04 15.84 a 5§ -0.2 AA 5.0 B 10 15 8 8 340 MOE
1997 04 15.85 1 B -0.4 AE 0.8 E 1 15 8 14 9 SBHA02
1997 04 15.85 a M -0.2 § 0.0 E 1 25 8 14 KONO6
1997 04 16.04 fa B -0.6 Y 0.0 E 1 } 8 &4 GRE
1997 04 16.43 s M 0.2 Y6 5.6 B 8 &12 8/ 2 5 NANO2
1997 04 16.78 a B -0.6 AA 0.0 E 1 35 57 BARO6
1997 04 16.78 a M -0.5 AA 4.0 R 8 19 S7 BARO6
1997 04 16.83 a G -0.6 AL 0.8 E 1 HAS02
1997 04 16.84¢ a5 -0.2 AL 5.0 B 10 15 8 13 350 MOE
1997 04 16.85 a B -0.5 AT 3.5 R 1 PERO1
1997 04 16.85 a G -0.4 AT 0.0 E 1 PERO1
1997 04 16.85 a I -0.1 AT 0.0 E 1 >7.5 28 PERO1
1997 04 16.85 a M 0.1: SC 0.0 E 1 10 7/ GLI
1997 04 16.87 a B 0.0 AT 3.4 B 9 &10 7/ PERO1
1997 04 17.02 fs B -0.5 Y 0.0 E 1 8 &4 GRE
1997 04 17.45 sS 0.2 Y6 5.6 B 8 &12 8/ 2 10 NANO2
1997 04 17.80 a B -0.2 AT 0.0 E 1 >3 MILO2
1997 04 17.83 w M 0.4 SC 0.0 E 1 10 8 5 30 GLI
1997 04 17.85 a G 0.0 AA 0.6 E 1 S8 KAMO1
1997 04 17.85 a § -0.1 AA 5.0 B 10 15 8 11 350 MOE
1997 04 17.86 a ¢ -0.1 AT 0.0 E 1 PERO1
1997 04 17.87 a B 0.4 AT 3.4 B 9 &14 7/ PERO1
1997 04 17.87 a B -0.3 AT 3.5 1R 1 PERO1
1997 04 17.87 a I -0.3 AT 0.0 E 1 >7 25 PERO1
1997 04 17.87 wB 0.5 SC 5.0 B 10 GLI
1997 04 17.91 !B 0.2 AA 0.8E 1 23 8 13 27 SHAO02
1997 04 18.80 t V -0.3 YF 3.2 4 3a 1 +34 8 >7 MIK
1997 04 18.84¢ s M -0.1 SC 0.0 E 1 10 8 5 30 GLI
1997 04 18.85 a S -0.1 AL 5.0 B 10 13 8 10 350 MOE
1997 04 19.06 A G -0.1 SC 0.0 E 1 15 9 8 30 CREo01
1997 04 19.79 a B -0.4 AA 0.0 E 1 36 S6 BARO6
1997 04 19.79 a M -0.3 AA 4.0 R 8 21 57 BARO6
1997 04 19.85 a M -0.5 AL 0.0 E 1 10 7 5 26 CHE03
1997 04 19.86 a S -0.1 AA 5.0 B 10 13 8 8 350 MOE
1997 04 19.89 S-0.3 AA 8.0B 11 25 7 >4 40 DESO01
1997 04 20.05 a G -0.1 SC O0.TE 1 12 S 6 35 CRE01
1997 04 20.82 a G -0.3 AL O0.0E 1 32 6 BARO6
1997 04 20.82 wB 0.1 SC 0.0 E 1 8 8/ &8 35 GLI
1997 04 20.83 a B -0.3 Y 10 B 25 35 8 3 45 HYN
1997 04 20.85 B 0.0 SC 0.0E i GLI
1997 04 20.85 a B 0.0 AT 3.5R 1 PERO1
1997 04 20.85 a G 0.0 AT 0.0 E 1 PERO1
1997 04 20.85 a I 0.1 AT 0.0 E 1 >7.5 40 PERO1
1997 04 20.85 a S 0.0 AA 5.0 B 10 13 8 8 0 MOE
1997 04 20.86 a ¢ 0.1 AT 0.0 E 1 VITO1
1997 04 20.87 ' B 1.0 AL 0.7 E 1 18 8 7 33 SHA02
1997 04 20.87 a B 0.2 AT 3.4B 9 &6 7/ PERO1
1997 04 20.87 a B 0.9 AT 3.4 B 9 10 VITO1
1997 04 20.87 a I 0.3 AT 0.0 E 1 VITO1
1997 04 21.78 a B -0.3 AL 0.0 E 1 32 6 BARO6
1997 04 21.78 a M -0.2 AA 4.0 R 8 20 S7 BARO6
1997 04 21.82 wB 0.1 SC 0.0 E 1 8 9 >8 35 GLI
1997 04 21.85 a G 0.1 AA 0.6 E 1 st/ KAMO1
1997 04 21.90 S-0.1 AA 8.0B 11 25 8 >4 40 DESO1
1997 04 22.86 a S -0.1 AA 5.0 B 10 12 8 7 10 MOE
1997 04 22.87 !B 0.7 SC 0.7E 1 15 7 2 42 SHAO02
1997 04 23.02 fs B -0.3 Y 0.0 E 1 7/ &2 GRE
1997 04 23.44 a S 0.3 YG 0.0 E 1 &10 8/ 2 NANO2
1997 04 23.78 a B -0.2 AA 0.0 E 1 30 6 - BARO6
1997 04 23.78 a M -0.0 A4 4.0 R 8 20 57 BARO6
1997 04 23.81 a B -0.2 Y 10 B 25 18 8 2 45 HYN
1997 04 23.81 a B -0.4 AA 0.0 E 1 12 7 4 28 CHEO03
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Comet C/1995 01 (Hale-Bopp) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TATL PA 0BS.
1997 04 23.83 aB 0.1 SC 0.0 E 1 10 8/ >5 35 GLI
1997 04 23.83 ald-0.1 5§ 0.0 E 1 25 5 LIB
1997 04 23.85 tB 1.0 SC 0.7 E i 20 7 3.5 41 SHAO02
1997 04 23.86 M-0.2 S 5.0 B 7 10 s9 4 GONO5
1997 04 24.19 aS -0.1 Al 0.0 E 1 is g 7 340 SPR
1997 04 24.78 aB -0.2 AA 0.0 E 1 35 6 BARO6
1997 04 24.81 ' v -0.1 YF 3.24 3a 1 +30 8 >5 MIK
1997 04 24.81 al 0.1 S 0.0 E i 25 5 LIB
1997 04 25.44 a S 0.3 Y6 0.0 E i &10 8/ 3 NANO2
1997 04 25.83 $B 0.0 A 0.0 E i 12 7 7 40 CHEO3
1997 04 25.86 aB 0.5 AT 3.5 R i VITO1
1997 04 25.86 aG 0.2 AT 0.0 E i PERO1
1997 04 256.86 a G 0.5 AT 0.0 E 1 VITO1
1997 04 25.86 al 0.3 AT 0.0 E i VITO1
1997 04 25.86 a M 1.1 AT 3.4 B 9 &ii 7/ PERO1
1997 04 25.87 aB 0.5: AT 3.4 B 9 VITO1
1997 04 25.87 a I 0.2 AA 0.8 E i 10 8 7 30 MOE
1997 04 25.87 a I -0.2 AT 0.0 E 1 13 40 PERO1
1997 04 26.46 sS 0.1 YG 0.0 E 1 &10 8/ 10 25 NANO2
1997 04 26.78 aB-0.1 AA 0.0 E 1 35 6 BARO6
1997 04 26.87 a$S 0.1 AA 5.0B 10 14 8 11 35 MOE
1997 04 26.89 0.2 AA 0.0 E 1 20 6/ >4 40 DESOi1
1997 04 26.91 0.0 AA 0.0 E 1 20 9 5 40 LOU
1997 04 27.04 fa B -0.3 Y 0.0 E 1 7/ £3.5 GRE
1997 04 27.21 a$s -0.0 AA 0.0 E i 14 9 5 345 SPR
1997 04 27.78 aB -0.1 A} 0.0 E i 35 6 BARO6
1997 04 27.79 aB 0.0 SC 0.0 E 1 9 RADO1
1997 04 27.84 $B 0.3 AA 0.0 E 1 10 7 5 40 CHEO3
1997 04 27.85 a B 0.1 SC O0.0E 1 8 9 >6 GLI
1997 04 27.90 0.2 A 0.0 E 1 20 7 >4 40 DESO1
1997 04 27.91 __ 0.0 AA 0.0E 1 20 9 >5 40 LOU
1997 04 28,79 a B 0.0 SC 0.0 E 1 9 RADO1
1997 04 28.79 a B 0.2: AA 0.0 E i 30 6 BARO6
1997 04 28.86 a G 0.4 AT 0.0 E i PERO1
1997 04 28.86 a I 0.3 AT 0.0 E 1 12 VITO1
1997 04 28.87 a I 0.2 AT O0.0E i 12 40 PERO1
1997 04 28.88 a G 0.4 AT 0.0 E 1 VITO1
1997 04 28.91 0.1 AL O.0E i 25 7/ >4 40 DESO1
1997 04 29.85 B 0.1 S 0.0 E i 7/ 14 9 MARO2
1997 04 29.87 a G 0.2 AT O0.0E 1 PERO1
1997 04 29.87 a G 0.2 AT 0.0 E 1 VITO1
1997 04 29.87 aM 0.6 AT 3.4 B 9 it 7 PERO1
1997 04 29.88 =2 B 0.8 AT 3.4 B 9 VITO1
1997 04 29.88 a1 0.1 AT O.0E 1 12 50 PERO1
1997 04 29.88 a I -0.2 AT O0.0E 1 VITO1
1997 04 29.88 aM 0.8 AT 3.4 8B 9 VITO1
1997 04 29.89 0.3 AL O.0FE 1 25 T/ >4 40 DESO1
1997 04 30.04 fa B -0.1 Y 0.0 E 1 7 &3.5 GRE
1997 04 30.87 M 0.1 S 5.0 B 7 10 s9 15 GONOS
Comet C/1995 Q1 (Bradfield)

DATE (UT) N MM MAG. RF AP. TF/_ PWR COMA DC TAIL PA 0BS.
1995 10 06.83 B 8.9 § 20.0C 9 60 3 NAGO4
1995 11 03.81 B 8.9 § 20.0C 9 60 2.3 1 NAGO4
Comet C/1995 Yi (Hyakutake)

DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL PA . 0BS.
1996 02 22.84 B 8.5 S 20.0C 9 60 1.9 3 NAGO4
1996 02 28.85 B 9.0 S 25 H 3 45 1.5 3 NAGO4
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Comet C/1996 Bi (Szczepanski) it
i

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  OBS. 5

1996 02 28.79 B 85 S 25 H 3 45 3.5 2 NAGO4

1996 03 13.65 B 9.1 AA 16 H 3 28 4.6 1 NAGO4 ,

Comet C/1996 B2 (Hyakutake)

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAl. PA OBS. it

1996 02 22.81 B 81 S 20.0C 9 60 3.5 7 NAGO4 BEE

1996 02 28.83 B 7.3 § 25 H 3 45 4.7 7 20 m 275 NAGO4 S

1996 02 25.11 S 6.3 AA 8.08B 12 5 BONO1 - :

1996 03 04.83 B 6.2 AA 10.0R 4 20 3.0 7 NAGO4 3

1996 03 13.67 B 4.6 AL 10.0R 4 20 11.3 7 1.1 280 NAGO4 3

1996 03 20.15 M 2.3 AA O0.8E | GUB ;

1996 03 23.63 B-0.1 AA O.TE 1 58 7 16.5 225 NAGO4 1

1996 03 23.94 M 0.2 AL 0.8E 1 28 220 GUB :

1996 03 25.87 M 0.0 AA 0.8 E i GUB

1996 03 25.84 G -0.5: SP 0.7 E 1 45 8 4 HEN

1996 03 26.04 M-0.2 AA O0.8E i 70 1 50 205 GUB

1996 03 26.80 7.0B 10 27 8 15 170 NAGO4

1996 03 26.80 S 0.0 Y 0.7TE 1 NAGO4

1996 03 27.82 7.0B 10 22 8 6 60 NAGO4

1996 03 27.82 B 0.8 Y 3.5R 7 WAGO4

1996 03 27.83 G -0.5: SP O0.7TE 1 8 4 HEN

1996 03 28.14 M 0.4 AA 0.8 E 1 27 290 GUB

1996 03 29.08 G -0.3: SP 0.7 E i 30 7 HEN

1996 03 29.81 G 0.0: SP 0.7 E 1 6 5 HEN

1996 03 30.83 G 0.5 SP O0.7TE i 8 HEN

1996 03 30.84 M 2.0 AA O0.8E 1 GUB

1996 04 01.88 G 1.9 SP O0.7TE 1 6 4 HEN

1996 04 02.87 G 1.9 SP 0.7 E i 8 HEN

1996 04 03.96 G 2.5 SP O.TE i 7 5 HEN

1996 04 04.83 G 2.1 SP O.7E 1 7 HEN

1996 04 05.46 B 2.1 Y 7.0 B 10 4.5 55 NAGO4

1996 04 05.88 — G 2.3 SP 0.7 E 1 7 7 HEN

1996 04 12.45 B 3.0 Y 7.0 B 10 8 6 45 NAGO4

1996 04 13.47 B 3.0 Y 7.0B 10 5.5 40 NAGO4

1996 04 13.87 S 3.5: 5 3.5B 9 8 2 HEN

1996 04 17.88 G 2.3 SP 0O.TE i 7 7 HEN

1996 04 23.87 G 2.0: SP 3.5 B 9 6 4 HEN

1996 06 18.15 s 5,7 8§ 11 L 8 72 7 0.3 C0002

1996 07 16.16 S 7.6 § 11 L 8 72 5 C0002

1996 07 17.14 M 7.5 S 15 L 9 80 4.9 5 SMIO8

1996 07 19.14 S 8.0 § 15 L 9 80 4.7 5 SMIO8

1996 08 06.20 S[10 : S 20 L 8 83 C€0002

1996 08 13.20 sf10 : s 20 L 8 83 €0002

Comet C/1996 N1 (Brewington)

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL P4 OBS.

1996 07 16.76 5 9.0 § 15 L 9 &0 4.8 2 SMIOS8

1996 08 13.74 S 81 8 15 L 9 80 4.0 3 SMIO8

1996 08 18.91 B 7.2 YF 5.0B 15 8 D3 FAJ

1996 08 19.90 B 7.4 YF 5.08B 15 7 D4 FAJ

1996 08 20.91 B 7.8 YF 5.0B 15 6 D4 FAJ

1996 08 21.91 B 8.0 YF 5.0B 15 9 D2 FAJ

1996 08 24.90 B 8.2 YF 5.0B 15 4 Do/ FAJ

Comet C/1996 P2 (Russell-Watson)

DATE (UT) N MM MAG. RF AP.
1997 02 09.44 a C 16.7 GA 60.0

4}

F/ PWR COMA DC TAIL PA OBS.
6 0.65 305 NAKO1

Comet C/1996 Q1 (Tabur)

DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL PA O0BS.
1996 09 04.08 S 8.7: AC 5.08B ioc & 4 3 RES
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Comet C/1996 Q1 (Tabur) [cont].

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  OBS.
1996 09 05.08 S 8.6 AC 5.08B 10 3.1 1 RES
1996 09 09.05 S 7.7 AR 8.0B 15 11 4 HAV
1996 09 09.08 S 8.2 S 5.0 B 10 8.6 o/ RES
1996 09 12.08 B 7.0: S 10 M 10 56 3 2 MAR12
1996 09 12.12 & S 8.2 § 11 L 7 32 & 3.5 d3 CHDO1
1996 09 14.09 $ 7.9 s 15 L 9 80 6 4 SMIO8
1996 09 14.12 s 7.7 S 6.6 B 20 6 s4 PLEO1
1996 09 14.97 s 7.4 s 20 L 8 83 4 €0002
1996 09 15.05 B 7.5: 8 8.0 B 20 6.6 s4 SPEO1
1996 09 15.08 S 6.9 AA 8.08B 15 10 5 0.4 275 BHAY
1996 09 15.11 s 7.3: 8 5.0 B 10 &7 o/ RES
1996 09 15.72 S 8.2 § 20.0C 9 4b 3.7 3 NAGO4
1996 09 15.94 B 7.0 § 15.0L 6 30 9.5 82/ PI001
1996 09 16.04 S 6.6 S 5.0 B 10 5.8 1 RES
1996 09 16.08 S 6.3 5 0.0 E 1 &7 o/ RES
1996 09 17.08 s 7.5 8§ 20 L 8 83 4 3 C0002
1996 09 17.12 $B 7.4 S 6.6 B 20 6 s4 PLEO1
1996 09 18.06 S 6.7 § 5.0 B 10 4 0/ RES
1996 09 18.10 & S 8.0 § 11 L 7 32 &3.5 43 CHOO1
1996 08 19.09 I 7.5:58 5 R 6 20 &6 2 WLO
1996 09 19.10 ' B 7.0 S 5.0 B 7 7 s4/ PLEO1
1996 09 19.98 B 7.5:58 7.0 B 26 & 2 si sS0C
1996 09 21.03 B 7.7: 8 6.6 B 20 &7 4 FILO4
1996 09 21.07 M 6.9 S 8 R 7 36 8 5 KWL
1996 09 21.09 B 7.2 8 5 R 6 20 &8 2 WLO
1996 09 22.04 S 6.6 S 5.0B 10 8.1 o/ RES
1996 09 22.05 B 7.0 S 5.0B 10 4 2 MAR12
1996 09 22.06 B 7.0 S 6.4R 6 20 & 8 d4 CND
1996 09 22.08 S 7.0 § 5.0 B 10 &9 1 OLE
1996 09 23.00 B 6.5 S 6.4 R 6 20 &8 d4 CNO
1996 09 23.02 S 6.5 8 7.0 B 25 &13 2/ OLE
1996 09 23.04 T S 6.5 S 5.0 B 10 11 1/ RES
1996 09 23.11 ! B 6.1 S5 5.0 B 7 7 s4/ PLEO1
1996 09 24.00 S 6.4 S 5.0 B 10 &10 3 OLE
1996 09 27.08 S 6.2 8 5.0 B 10 6 1 RES
1996 09 27.11 B 6.0 S 5.0B 15 15 s3 0.2 210 FAJ
1996 09 27.13 B 6.8 8 8.0 B 20 8.3 s5 SPEO1
1996 09 29.08 S 5.7 S8 5.0 B 10 &7 2 RES
1996 09 29.09 I 6.0:8 4.0 B 12 &10 3/ WLD
1996 09 30.13 a B 5.5 § 5.0 B T 10 s5 PLEO1
1996 10 01.06 B 5.5 8 5.0 B 10 7 3 MAR12
1996 10 01.07 M 57 S 8 R 7 35 8 5 KWI
1996 10 01.10 I 6.0:5 4.0B 12 %10 3/ WLO
1996 10 01.94 B 6.7: 8 6.5R 6 28 &3 1 SWI
1996 10 02.09 B 5.4 8 5.0 B 10 11 3 SIW01
1996 10 02.10 I 5.5:58 4.0 B 12 &10 4 WLO
1996 10 02.13 B 5.5 § 5.0 B 10 8 3 MAR12
1996 10 02.17 I 7.5:5 4.0 B 12 &5 6 WLO
1996 10 02.94 B 4.8 § 5.0 B 15 25 52 0.4 80 FAJ
1996 10 03.94 S 5.9 § 5.0 B 10 &13 6/ OLE
1996 10 03.96 B 6.1 8 5.0B 7 &9 5 BAN
1996 10 04.05 B 5.9 8 5.0B 7 &10 d4 CNO
1996 10 04.06 & S 5.5 § 11 L 7 32 CHOO1
1996 10 04.10 B 6.2 S 8.0 B 20 11 S5 SPEO1
1996 10 04.11 B 5.5 § 5.0 B 10 9 3 MAR12
1996 10 04.12 B 5.2 S 4.0 B 12 &12 5 WLO
1996 10 04.13 & M 6.0 S 5.0B 10 25 2/ GRO0O4
1996 10 04.86 M 5.4 S 5.0B 7 10 d4 PARO3
1996 10 04.93 S 5.9 8§ 5.0B 10 &22 5/ OLE
1996 10 04.95 ! B 6.3 S 6.8 R 12 40 15 d4 CHR
1996 10 04.98 B 6.0 S 5.0 B 7 &9 5 _BAN
1996 10 05.05 B 5.8 § 5.0 B 10 9 4 MAR12
1996 10 05.10 B 5.1 8 4.0 B 12 %15 5 WLO
1996 10 05.13 S 6.2 YF 5.08B 10 12 ENT
1996 10 05.15 B 5.8 § 5.0 B 7 &10 d4 CNO
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Comet C/1996 Q1 (Tabur)

DATE (UT)

1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
19%6
1996
19896
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1936
1996
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1996
1996
1996
1996
1996
1996
1996
1996
- 1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
19986
1996
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1996
.996
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10
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i1
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12,
12,
12,
12.

12

12.

12

12,
12,
12,

13

13.

13
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13
13

13.
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14,

.75
92
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91
.11
12
.20

.96
08.
.08
09.
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10,
10.
10.

99

13
00
13
15
75
.75
76
.76
82
94
98
13
.74
.75
.75
.78
.83
92
.92
.94
00
10
10
13
13
13
73
73
.75
76
77
77
79
96
.00
09
.10
.12
.13
.21
70
.73
.73
75
.75
75
.76
78
.89
98
00
09
11

141

996 10 14

3
.13

e o

[cont].
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&15
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10
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DC
5
3/
S1/
3/
9
4/
5
s2

d5
-4

3

52
7
2
4/

TATL

0.3

0.6

0.25

£0.05

0.8

0.40
&0.07

0.83

PA

190

290

115

310
305

310

325

320

320

316

310

330
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RES
FAJ
SIWo1
MAR12
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IVa03
GR0OO4
ENT
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KIDO1
RES
PLEO1
CHOO1
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MAR12
DER
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JARO1
SIWO1
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CHR
OLE
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SCI
MAR12
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DER
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BAN
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MATO6
MAR12
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Comet C/1996 g1 (Tabur)

DATE
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
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1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996

(UT)

10
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10
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10
10
10
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10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
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10
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10
10
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10
10
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10
10
10
10
10
10
10
10
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10
i0
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10
10
10
10
10
10
10
10
10
10
10
10

14.
i4.
14.
14.
14.
14.
.75

14

14.
14.
14.
i4.
14.
15.
15.
15.
15.
.20

15

i5.
i5.
15.
15.
15.
15.
15.
15.
15.
.84
15.
.00
.09
16.
16.
6.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
17.
17.
.87
17.
18.
18.
i8.
18.
i8.
18.
i9.
20.
20,
20.
20.
20.
23.
23.
25.
25.
28.
30.

15
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i1
13
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11
13
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6
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Comet C/1996 Q1 (Tabur) [cont].

DATE (UT) N MM MAG. RF 2Pp. T F/ PHWR COMA DC TATL PA 0BS.
1996 11 01.78 S 8.0:58 5.0B 10 & 5 1 RES
1996 11 03.72 S 8.5 AA 7T.2R 7 20 10 2 0.1 316 TUB
1996 11 04.74 B 9.8: 8 15.0L 6 30 5.5 sl PI001
1996 11 04.74 S 8.7 § 5.0B 10 5 2 RES
1996 11 04.74 S 8.8 s 8 R 7 35 8 5 KWI
1996 11 04.75 S 9.0 AA 30 L 3 20 5 8 TUB
1996 11 04.76 B 7.8 § 5.0B 15 8 DO/ FAJ
1996 11 06.77 $S 9.1: 8 35 M 10 80 & 5 52/ PLEO1
1996 11 08.72 B 9.8: s 15.0L 6 30 3.9 s1 PIDO1
1996 11 08.73 S 8.8 § 5.0 B 10 3 2 RES
1996 11 08.74 B[ 8.0 s 8.0 B 20 ! 3.5 SPEO1
1996 11 09.71 S 10.7 AA 27 L 100 2.5 0 SZA
1996 11 12.74 S 8.6 § 5.0 B 10 6 1 RES
Comet C/1997 A1 (NEAT)

DATE (UT) N MM MAG. RF 4P. T F/ PWR COMA DC TAIL PA 0BS.
1997 01 13.70 C17.2 GA 60.0 Y 6 a240 0.5 0.9m 165 NAKO1
1997 01 18.79 C17.2 GA 60.0 Y 6 a240 0.6 0.7m 154 NAKO1
1997 01 31.65 C 16.9 GA 60.0 Y 6 a240 0.75 1.1m 151 NAKOt
1997 02 09.61 C17.0 GA 60.0 Y 6 a240 0.7 1.1m 142 NARO1
1997 02 27.59 C17.7 GA 60.0 Y 6 ai20 0.4 1.5m 136 NAKO1
1997 03 07.48 C 17.8 GA 60.0 Y 6 a240 0.4 0.8m 130 NAKO1
Comet C/1997 BA6 (Spacewatch)

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1997 02 13.70 C19.3 GA 60.0 Y 6 a240 9 NAKO1
1997 03 04.61 C19.5 GA 60.0Y 6 a240 9 NAKO1
Comet C/1997 D1 (Mueller)

DATE (UT) ¥ MM MAG. RF ap. T F/ PWR cCOMA DC TAIL Pa OBS.
1997 02 20.56 C15.1: GA 60.0 Y 6 ai20 0.65 NAKO1
1997 02 22.77 C14.7 GA 60.0Y &6 al2o 0.95 1.6m 134 NAKO1
1997 03 01.76 C14.4 GL 60.0Y 6 a120 1.3 1.9m 131 NAKO1
1997 03 01.80 S 14.0 HS 35 L 5 237 0.7 2 HORO2
1997 03 04.94 S 13.3 AC 25.4 1 5 104 0.5 4/ MEY
1997 03 05.20 J 12.9 SC 25.4 T 4 0.43 g5 49.4s 130 ROQ
1987 03 05.80 S 13.8 HS 35 L 5 158 1.1 2 HORO2
1997 03 06.11 S 13.7 HS 30 R 18 170 0.4 4 SHAQ2
1897 03 07.78 M 13.9 HS 35 L 5 158 0.9 3 HORO2
1997 03 07.81 S 14.0 HS 35 L 5 158 1.0 3/ PLS
1997 03 07.98 S 13.4 AC 25.4 L 5 104 0.8 4 MEY
1897 03 08.13 S 13.7 HS 44.51 5 230 0.8 5 SARO2
1897 03 08.13 S 14.0 HS 44.5 L 5 230 1 2/ SZE02
1997 03 08.81 S 14.3 HS 24.01 5 100 1.1 3 HASO2
1897 03 08.95 S 13.9 NP 44.51 5 100 0.75 b MARO2
1997 03 09.15 $14.2 HS 44.5 L 5 146 0.8 5 SARO2
1997 03 09.15 S 14.6 HS 44.5 L 5 146 1 3 BAKO1
1987 03 09.27 J 13.1 SC 25.4 T 4 0.54 55 54.7s 117 ROQ
1997 03 09.84 ' V145 GA 36.0 T 7 a300 + 0.7 8 & 4 m110 MIK
1997 03 09.85 S 13.2 GA 25.43 6 115 1.2 3/ BOU
1997 03 10.81 M 13.9 BS 35 L & 158 1.1 3 HORO2
1987 03 10.98 S 13.3 AC 25.4 1 5 104 0.7 3/ MEY
1997 03 11.66 C14.5 GA 60.0Y 6 al2o 1.0 2.8m 124 NAKO1
1997 03 11.81 M 13.8 HS 35 L b 158 1.1 3 HORO2
1997 03 12.83 M 13.6 HS 35 L 5 104 1.3 2/ HORO2
1997 03 12.84 S 14.0 HS 35 L 5 104 0.9 2 PLS
1887 03 13.00 S 13.1 HS 30 R 18 170 1.0 2 SHAO2
1997 03 13.15 'J 12,6 SC 25.4 T 4 0.41 s5/ 91.95 114 ROQ
1997 03 18.16 J 12,1 SC 25.4 T 4 0.49 55/ 42.35 116 ROQ
1997 03 20.20 J 12,9 SC 25.4 T 4 0.45 s5/ 75.0s 104 ROQ
1997 03 27.14 J 11.8 SC 25.4 T 4 0.41 356 98.7s 104 ROQ
1997 03 28.91 S 13.6 NP 44.51L 5 167 1 0 MARO2
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Comet C/1997 D1 (Mueller) [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  OBS.
1997 03 30.13 J 12.8 SC 25.4T 4 0.31 sb5/ 78.5s 92 ROQ
1997 03 30.89 5 13.6: NP 20 T 10 135 0.6 4 SHAQ2
1997 03 31.91 $13.9: VB 20 T 10 135 0.4 4 SHAO2
1997 04 01.86 5$13.3 GA 25.4J 6 143 1.0 1/ BOU
1997 04 02.83 Mi13.6 BS 35 L § 158 1 2 HORO2
1997 04 02.93 §$13.8: HS 44.5L 5 230 0.8 2 SARO2
1997 04 03.91 S 13.9: HS 30 R 18 170 0.5 3 SHAO2
1997 04 07.89 $13.6: VB 33 L §5 75 0.7 3 SHA02
1997 04 07.90 $ 13.3 AC 25.4J 6 143 1.0 1/ BOU
1997 04 09.92 s[13.9 VB 20 T 10 135 SHAQ2
1997 04 10.91 S$13.6: VB 33 L 5 100 1.1 3 SHA02
1997 04 13.15 J 13.1 SC 25.4T 4 <1 s6 65.2s 96 ROQ

Comet 4P/Faye

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL_ _PA  OBS.
1991 10 19.80 S 10.5: SC 6.0R 10 30 &1 MANO1
1991 11 09.80 5$10.0 SC 6.0R 10 30 &1 3m 90 MANO1

Comet 6P/d’Arrest

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TATL PA 0BS.
1995 07 29.04 S 12.1 NP 44.5L 5 100 4 4 MARO2
1995 07 30.07 S 11.5 NP 44.5L 5 100 3 3 RODO1
1995 07 30.07 $11.9 NP 44.5L 5 100 4 3 MARO2
1995 09 18.66 B 9.8 § 20.3 T 10 48 2.7 1 NAGO4
Comet 22P/Kopff

DATE (UT) N MM MAG. RF AP. T F/ PHWR COMA DC TAIL PA 0BS.
1996 07 05.81 __ S 8.2 § 20 L 8 83 3 C0002
1996 07 14.89 S 8.7 § 15 L 9 50 4.0 3 SMIO8
1996 07 15.84 S 8.6 S 20 L 8 83 2.0 3 C0002
1996 07 20.04 S 8.8 S is L 9 50 3.9 3 SMIO8
1996 07 24.98 S 8.1 AA 8.0B 11 6 4 DESO1
1996 07 31.98 S 8.1 AA 8.0 B 11 6 3/ DESO1
1996 08 01.99 S 8.2 AA 8.0 B 11 5 3 DESO1
1996 08 02.98 S 8.2 AA 8.0 B i1 5 3 DESO1
1996 08 03.98 S 8.3 AL 8.0B 11 6 3/ DESO1
1996 08 04.99 S 8.3 AA 8.0B 11 6 3/ DESO1
1996 08 05.99 S 8.5 Ak 8.0 B 11 5 3 DESO1
1996 08 06.78 S 8.9 S 20 L 8 83 0.7 3 €0002
1996 08 06.98 S 9.0 § i5 L 9 50 3.2 2 SMIO8
1996 08 06.99 S 8.5 AA 8.0 B 11 5 3/ DESO1
1996 08 (07.98 S 8.6 AA 8.0B 11 5 3/ DESO1
1996 08 13.7%1 s 9.5 § 20 L 8 83 2 c0002
1996 08 13.98 S 9.6 § 15 L 9 80 3.0 1 SMIO08
1996 08 31.76 sf10 : AA 20 L 8 83 c0002
1996 09 05.81 S 10.2 AA 20 L 8 83 i c0002
1996 09 05.91 S 10.2 AA 15 L 9 80 1.0 0 SMIO8
1996 09 15.78 S 10.5 A2 20 L 8 83 i caoo2
1997 01 12.42 aCi14.3 GA 60.0Y 6 2.2 NAKO1
1997 02 09.41 C15.8: GA 60.0Y 6 1.3 NAKO1
Comet 29P/Schwassmann-Wachmann 1

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1996 12 22.20 s[13.0 AC 25.4L 5 104 ! 0.5 MEY
1997 02 02.19 S 11.6 TI 35 L 5 92 2.1 1/ BORO2
1997 02 02.20 §11.7 HS 35 L 5 92 i.8 2 PLS .
1997 02 03.19 S 12.0: TI 35 L 5 104 1.6 1/ ~ HORO2
1997 02 08.156 S 14.1: VB 30 R 18 170 0.3 5 SHAOQ2
1997 02 14.15 S 13.7 VB 30 R 18 170 0.7 82 SHAQ2
1997 02 16.18 S 14.1 NP 44.5L 5 100 1.5 0/ MARO2
1997 03 01.02 S 13.7 VB 30 R 18 210 0.6 2 SHAQ2
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Comet 46P/Wirtanen [cont.]

DATE (UT) N MM MAG. RF AP. TF/ PWR COMA DC TAIL P& OBS.
1997 03 07.78 S 9.5 AC 25.4L 5 65 2 3 MEY
1997 03 08.79 S 9.8 BS 44.0L 5 63 1.4 3 HAS02
1997 03 09.80 § 9.7 EI 25.4J 6 58 2.8 1/ BOU
1997 03 09.83 a S 9.6 VF 25.3L 6 58 & 2.5 2 PERO1
1997 03 09.83 a S 10.3 VF 25.3L 6 58 & 2.1 2 VITO1
1997 03 10.75 S 10.0 AA 6.3 R 13 52 3 2 KOS
1997 03 10.78 M 9.1 TI 20 L 5 48 3.6 3 HOR02
1997 03 10.78 S 9.4 AC 25.4L 5 65 2 t MEY
1997 03 10.87 S 10.0 AC 11.0L 7 56 6 3 BARO6
1997 03 11.78 S 9.5: AC 25.4L 5 65 2 3 MEY
1997 03 11.79 M 9.0 TI 20 L 5 48 3.3 2/ HORO2
1997 03 11.79 M 9.5 TIT 20 L 5 48 4 2/ PLS
1997 03 11.83 ! S 10.1 AC 20 R 14 9 2.5 1 SHA02
1997 03 12.80 M 95 TI 20 L 5 48 3.5 2 PLS
1997 03 12.81 M 9.0 TI 20 L 5 48 3 2/ HORO2
1997 03 26.75 S 10.0: AC 20.0L 5 71 3.5 2 BARO6
1997 03 28.86 M 9.7 NP 44.5L 5 100 2 5 MARO2
1997 03 28.89 'S 9.5 NP 20 T 10 75 2.5 2 SHA02
1997 03 29.84 M 9.8 P 21.0L 6 60 3 4/ MARO2
1997 03 29.85 a S 9.3 PA 25.3L 6 58 &2.4 3 PERO1
1997 03 29.85 a S 9.5 PA 25.3L 6 58 &2 3/ VITO1
1997 03 30.75 S 10.8: AC 11.0L 7 32 2 1 BARO6
1997 03 30.78 M10.1 TI 10 B 25 3 3 ZND
1997 03 30.86 ! S10.5 VB 20 T 10 75 2.3 3 SHA02
1997 03 31.8¢ a S 10.0 GA 25.4J 6 72 2.6 2 BOU
1997 03 31.85 M 9.7 NP 21.0L 6 60 2 4 MARO2
1997 03 31.85 ! S 9.9 VB 20 Ti0 75 3.1 2 SHA02
1997 03 31.85 a S 9.6 PA 25.3L 6 58 & 1.8 3/ PERO1
1997 03 31.85 a S 9.9 PA 25.3L 6 58 & 1.3 2/ VITO1
1997 03 31.87 S10.3 AC 28.0T 6 68 2.5 2 MOE
1997 04 01.79 S 10.6: BS 25.4L 6 104 1.5 2 SARO2
1997 04 01.83 — S 9.7 ES 20.3 T 10 80 1.7 2 KAMO1
1997 04 01.84 a S10.1 GA 25.4J 6 72 2.6 2 BOU
1997 04 02.79 $10.0 HS 44.5L 5 82 1.9 5 SARO2
1997 04 02.80 M10.2 TI 10 B 25 2.5 2/ ZNO
1997 04 02.82 M10.4 TI 35 L 5 104 1.5 2 HORO2
1997 04 03.78 S 9.7 HS 44.5L 5 82 2.2 5/ SAR02
1997 04 03.85 ! S 9.5 VB 33 L 5 45 3.4 2 SHAO2
1997 04 04.75 S[10.7: 4C 11.0L 7 50 ! 2 BARO6
1997 04 04.78 S10.4 HS 44.5L 5 82 2.0 4 SARO2
1997 04 04.78 S10.9 ES 44.5L 5 82 3 2 DOB
1997 04 04.85 a S 9.3 PA 25.3L 6 58 > 2 3 PERO1
1997 04 04.85 a S 9.5 PA 25.3L 6 58 &25 3/ VITO1
1997 04 05.85 M 9.6 NP 21.0L 6 60 >3 4 MARO2
1997 04 06.84 S 9.6 HS 20.3T10 8 1.7 2 KAMO1
1997 04 07.79 M 9.8 TI 10 B 25 3 2 ZNO
1997 04 07.84 S 9.4 BS 20.3Ti10 8 2.1 1/ KAMO1
1997 04 07.84 S10.5 AC 15.2L 5 42 2 3 MOE
1997 04 07.85 S10.3 GA 25.43 6 72 2.5 2 BOU
1997 04 07.86 §10.56 VB 33 L 5 45 3.1 2 SHA02
1997 04 09.83 $10.3 AC 15.2L 5 42 2 2 MOE
1997 04 09.87 ! $10.7 VB 20 T 10 75 2.4 2 SHA02
1997 04 10.88 ! S11.4 VB 33 L 5 75 4.0 2 SHAO2
1997 04 11.20 S 10.1 AC 20.0 T 10 125 2.1 2/ SPR
1997 04 13.79 M10.2 TI 10 B 25 2.5 2/ ZNC
1997 04 15.13 ! J 10.4 SC 25.4 T 4 1.70 s5/ ¢ ROQ
1997 04 15.86 $10.6 B 20 R14 9 2.0 2 SHA02
1997 04 23.87 s{10.5 VB 20 R 14 90 SHEA02
1997 04 26.88 S 10.5 AC 15.2L 5 42 2 2 - MOE
1997 04 27.79 sf{11.3 VF 20.0L 7 71 ! 2 BARO6

Comet 81P/Wild 2

DATE (UT) N MM MAG. RF AP.
1996 12 22.19 S 12.2 AC 25.4

F/ PWR COMA DC TAIL PA O0BS.
5 104 1.3 4/ MEY

=]
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Comet 81P/Wild 2 [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA OBS.
1997 01 06.87 511.3 AC 25.4L 5 65 1.3 s/ MEY
1997 01 12.84 S11.2 AC 25.4L 5 65 2.3 s5/ MEY
1997 01 16.15 S 10.7 AC 20.0 T 10 102 1.5 4 SPR
1997 01 18.12 M 10.8 AC 25.4L 5 65 2.0 s5/ MEY
1997 01 25.72 M10.6 TI 3 L &5 92 1.5 5 HORO2
1997 01 25.73 M10.6 TI 3 L 5 92 1.7 4 PLS
1997 01 26.73 M10.3 TI 3 L 5 92 2 5 HORO2
1997 01 26.73 M10.6 TI 3 L 5 92 1.8 4/ PLS
1997 01 26.77 M10.4 AC 25.4L 5 65 1.6 S6 MEY
1997 01 27.78 S 9.7 AL 11.0L 7 32 4.5 4 : VELO3
1997 01 29.75 S 9.9 AC 11 L 7 50 5 3/ BARO6
1997 01 29.81 B10.0 AC 11 L 7 32 4 2 RED
1997 01 29.81 B10.0 AC 11 L 7 32 4.5 2/ ISHO3
1997 01 30.92 S 10.4 AC 20.3T 10 &0 ANZ
1997 01 30.96 M10.7 AC 25.4J 6 58 1.8 5 BOU
1997 01 31.80 M10.0 TI 35 L 5 92 2.4 5 HORO2
1997 01 31.81 M10.0 TI 35 L 5 92 1.8 5 PLS.
1997 02 01.08 M 10.3 AC 25.4L 6 108 2.0 6 GRAO4
1997 02 01.56 C10.2 GA 60.0Y 6 5.1 > 6.8m 280 NAKO1
1997 02 01.74 M10.0 TI 10 B 25 2.5 5 ZNO
1997 02 01.77 $10.3 AC 15.2L 5 76 3.5 2 MOE
1997 02 01.80 M 10.1 AC 25.4L 5 65 2 S5 MEY
1997 02 01.83 M 9.8 TI 3 L 5 92 2.5 5 HORO2
1997 02 01.90 M10.4 AC 25.4J 6 58 2.0 5 BOU
1997 02 01.96 S 10.5 AA 37.0C 12 79 2 4 ANZ
1997 02 01.96 S 10.56: AA 37.0C 12 79 & 2 4 ANZ
1997 02 01.99 B 9.9 AC 11 L 7 50 4.5 3/ BARO6
1997 02 01.99 S 10.0 AC 11 L 7 50 4.5 3/ BARO6
1997 02 02.00 M10.1 AC 25.4L 6 108 2.5 6 GRAO4
1997 02 02.75 S 9.7 TI 11 L 8 32 3 4 KYS
1997 02 02.77 M 9.7 TI 3 L 5 66 2.6 5/ PLS
1997 02 02.77 M 9.7 TI 3 L 5 66 2.7 6 HORO2
1997 02 02.82 — S 9.9 AC 11 L 7 50 2 LUKO4
1997 02 02.82 S 9.9 AC 11 L 7 50 4.5 3 BARO6
1987 02 02.84 S 9.6 AA 11.0L 7 32 3.8 4 VELO3
1997 02 02.84 $10.5 VB 30 R 18 100 1.1 g4 SEA02
1997 02 03.03 M 10.2 AC 25.3 L 6 58 & 2.0 5 PERO1
1997 02 03.03 S 9.9 AC 25.3L 6 58 & 2.0 & PERO1
1997 02 03.08 S 10.1 AC 11 L 7 50 4 3 BARO6
1997 02 03.09. $10.3 AC 20.3 T 10 50 2 4 ANZ
1997 02 03.09 S 10.3: AC 20.3 T 10 50 & 2 4 ANZ
1987 02 03.49 S 9.7 GA 10.0 B 25 SEA
1997 02 03.75 M10.3 AC 11 L 7 50 4 4 LUKO4
1997 02 03.77 $10.3 AC 11 L 7 50 4, 3/ BAROG6
1997 02 03.88 S 9.9 AA i5.0R 8 30 2 5 DIEO2
1997 02 03.97 M10.3 AC 25.3L 6 58 & 1.4 5/ VITO1
1997 02 03.97 M10.3 AC 25.3L 6 58 &£2.3 5 PERO1
1997 02 04.14 $10.3 AC 11 L 7 50 3 2 BARO6
1997 02 04.42 M 9.9 GA 10.0 B 25 7 6 SEA
1997 02 04.66 S 9.6 AA 10.5R 7 23 3 HASO8
1997 02 04.78 S10.4 AA 11.0L 7 115 1 3 IVi03
1997 02 04.86 B 9.9 AC 11 L 7 50 4.5 3 ISHO3
1997 02 04.86 B10.0 AC 11 L 7 50 5 3 RED
1997 02 05.00 S 9.9 AC 11 L 7 50 4.5 3 BARO6
1987 02 05.16 S 9.9 AC 20.0T 10 64 3.0 4/ SPR
1997 02 05.47 S$10 :GA 10.0 B 25 SEA
1987 02 05.76 P 10.5: A4 5.04 4 1 IVA03
1987 02 05.77 S$10.2 AC 15.21L 5 42 3.5 3 MOE
1997 02 05.79 S 9.8 AA 15, 0R 8 30 2 6 DIEO2
1997 02 05.83 5 10.4: HS 30 R 18 100 4.2 s3 SHAO2
1997 02 05.89 B10.3 HS 25.6L 5 42 3.5 7 BIV
1997 02 06.16 S 9.8 AL 20.0T 10 64 2.5 4 . SPR
1997 02 06.78 S 9.8 HS 256.4L 6 104 2.5 5/ SARO2
1997 02 06.78 S 9.9 HS 25.4L 6 104 3 6 BAKO1
1997 02 06.80 M 9.2 TI 35 L 5 92 2.5 6 BORO2
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Comet 81P/Wild 2 [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA  OBS.
1997 02 06.88 B 10.1 HS 25.6L &5 42 3 6 BIV
1987 02 06.90 S 9.8 AA 15.0R 8 30 2 6 DIEO2
1997 02 06.92 S 9.8 AC 11 L 7 32 5 3 BARO6
1997 02 07.06 S$10.1 AC 20.3 T10 50 & 2 4/ ANZ
1997 02 07.20 B 10.2 NP 17.3 L 6 42 3 5 TRI
1997 02 07.55 E 9.8 GA 10.0 B 25 SEA
1997 02 07.55 S 9.7 GA 10.0 B 25 SEA
1997 02 07.73 $10.3 AA 11.0L 7 115 1.3 3 IVAO3
1997 02 07.77 M10.1 AC 25,4 L 5 65 2 S5/ MEY
1987 02 07.83 B 9.9 AC 11 L 7 &0 5 3 ISHO3
1997 02 07.85 S 9.9 AC 11 L 7 50 4 3 BAR0O6
1997 02 07.86 5$10.0 AC 11 L 7 50 5 3 CBU
1997 02 07.93 M 10.3 AC 25.4J 6 58 2.2 5/ BOU
1997 02 07.9%4 $10.6 YVB 33 L &5 100 1.7 4 103 SHA02
1997 02 07.97 "5 10.0 AC 15.2L 5 42 3.5 3 MOE
1997 02 07.98 S$10.7 VB 30 R 18 100 1.4 5 SHA02
1997 02 08.21 B 10.5 NP 17.3 L 6 42 2.5 5 TRI
1997 02 08.72 §10.2 AC 11 L 7 50 3.8 3 BARO6
1997 02 08.78 §$11.9: YVB 30 R 18 170 0.7 2 SHA02
1997 02 08.81 5$10.2 AA 11.0L 7 115 1.3 3 IVAQ3
1997 02 08.82 S 9.8 AC 8.0B 12 6 2 BARO6
1997 02 08.92 5 10.0: AC 11 L 7 50 6 3 MANO1
1997 02 08.93 S 9.9 AC 15.2L 5 42 3.5 4 MOE
1997 02 08.95 B 9.7 NP 44.5L 5 100 4 4/ SANO4
1997 02 08.85 M 10.1 NP 44.51L 5 100 3 5 MARO2
1997 02 09.02 M10.2 AC 25.3L 6 58 & 2.4 4/ PERO1
1997 02 09.02 M10.3 AC 25.31L 6 58 & 1.3 4/ VITO1
1997 02 09.02 S$ 10.2 AC 25.31L 6 58 PERO1
1997 02 09.02 S 10.2 AC 25.3 L 6 58 VITO1
1997 02 09.16 B 10.5 HS 25.6L & 42 3 5 BIV
1997 02 09.20 B10.4 NP 17.3 L 6 42 2 5 TRI
1997 02 09.5¢ — S 9.7 GA 10.0 B 25 6 SEA
1997 02 09.57 C 9.8 GA B8.0R 6 8.3 15 m 288 NAKO1
1997 02 09.73 M 9.3 AA 12.0B 20 6 3 WAS
1997 02 09.95 M10.0 AC 25.4L 5 65 3 55 MEY
1997 02 09.96 §$10.2 AC 25.3L 6 58 & 2.3 4/ PERO1
1997 02 09.96 $10.5 AC 25.3 L 6 58 & 1.3 3/ ViTo1
1997 02 10.75 M 9.7 TI 10 B 25 3.5 6 ZNO
1997 02 10.81 M 9.8 TI 20 L &5 48 2.2 4 PLS
1997 02 10.83 S11.1 VB 30 R 18 100 0.9 s4 0.02 110 SHAO2
1997 02 10.89 M 9.2 TI 13 L 8 69 3 3/ HORO2
1997 02 10.91 ! V 10.3 GA 36.0T 7 &7 8 £10 m 270 MIX
1997 02 10.93 M10.2 AC 25.4J 6 58 2.3 4/ BOU
1997 02 11.10 S 9.9 AA 15.0R 8 30 2 3 DIEO2
1997 02 11.83 $10.0 AC 11 L 7 50 5 3 BARO6
1997 02 11.83 §10.2 AC 11 L 7 50 5 2 LUK04
1997 02 11.88 M 9.6 TI 20 L 5 48 3 3/ PLS
1997 02 11.88 S 9.7 AC 8.0B 12 8.5 2 BARO6
1997 02 11.88 S 9.9 AC 8.0B 12 6 2 BARO6
1997 02 11.89 §10.1 AA 11.0L 7 115 1.5 3 IVAO3
1997 02 12.69 S 8.8 BS 10.0B 20 5 5 Y0502
1997 02 12.94 S 9.9 AC 11 L 7 50 5.8 3 0.05 71 BARO6
1997 02 12.94 §10.0 AC 11 L 7 50 6 2/ 0.06 69 LUKO4
1997 02 13.73 M10.0 HS 12.5L 6 60 2.0 4 TSU02
1997 02 13.74 S 9.1 HS 25.4T 6 60 2.5 5 Y0S04
1997 02 13.79 S11.1 VB 30 R 18 100 1.3 s4 SHAO2
1997 02 14.06 S 9.7 AA 15.0R & 30 2 7 DIEO2
1997 02 14.77 M 9.6 TI 35 L 5 92 3.0 4/ PLS
1997 02 14.77 M 9.7 TI 35 L & 92 3.0 6 HORO2
1997 02 15.02 S 9.9 AC 26,4 L 6 61 2.0 5 GRAO4
1997 02 15.17 $ 10.9 NP 10 B 14 2.3 3 . SHA02
1997 02 15.79 S 9.9 AC 25.4L 6 108 2.2 5 GRAO4
1997 02 15.79 §$ 11.0 VB 30 R 18 100 1.0 =3 SHAO2
1997 02 15.84 $10.1 AA 11.0L 7 80 1.5 3 IVAO3
1997 02 15.94 §$10.2 AC 25.3L 6 58 &2 3/ PERO1
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Comet 81P/Wild 2 [cont.]

DATE (UT) N MM MAG. RF 4P, T F/ PWR cOMa DC  TAIL Py pBs. ‘
1997 02 15.94 S 10.3 AC 25.31 ¢ 58 2 1.3 3 VITOL
1997 02 16.13 M 9.8 NP 4451 5 100 2.5 4 SANO4
1997 02 16.14 M 9.9 NP 44.51 & 100 3 6/ MARO2
1397 02 16.79 S 9.6 AL 6.3R 13 52 4 o/ K0S !
1997 02 22.74 M 9.7 TI 10 B 25 3.0 5/ ZND '
1897 02 23.72 B 9.7 AC 11.01L 7 50 6 3 ISHO3 :
1997 02 23.77 S 9.3 A4 6.3R 13 52 4 o/ KOs
1997 02 23.94 S10.0: AC 11 L 7 o 6 2 BARO6
1987 02 24.72 B 9.7 AC 1101 7 50 6 3 ISHO3
1997 02 24.73 K 9.5 4C 8.0B 12 3 LUK04
1997 02 24.73 S 9.5 AC 8.0B 12 9 3 BARO6
1997 02 24.73 S 9.6 AC 8.08B 12 8 4 ISHO3
1997 02 24.73 S 9.8 AC 11 L 7 50 7 3 BARO6
1997 02 24.76 S 9.2 M 6.3R 13 52 4 0/ K0S
1997 02 24.93 S 10.6 VB 30 R 18 100 1.4 3 SHAO2
1997 02 25,73 S 9.5 AC 11 L 7 50 4 2/ 0.1 110 BARO6
1997 02 25.83 $10.3 VB 20 R 14 40 1.7 =3 SHA02
1997 02 26.83 M 9.8 TI 20 1 5 48 4 5 PLS
1997 02 26.90 S 10.0 AA 11.0L 7 80 1.5 3 IVAO3
19897 02 27.77 M 9.2 TI 8.0 10 5 4/ HORO2
1997 02 27.77 S 9.8 AC 15.2 1L 5 42 3.5 2 MOE
1997 02 27.78 S 9.5 TI 8.0B ) 10 6 3 PLS
1997 02 27.94 M10.3 AC 25.31 ¢ 58 & 2.3 4/ PERO1
1997 02 27.94 M10.5 4C 25.31 6 58 & 1.3 3/ VITO1
1997 02 27.94 S 9.9 AC 25.3L 6 58 & 2.3 4/ PERO1
1997 02 27.94 S10.3 AC 25.31L 6 58 & 1.3 3/ VITO1
1997 02 28.76 M 9.8 TI 10 B 25 3.0 4/ ZNo
1997 02 28.78 S 9.2 AC 8.0 12 10 3 ISHO3
1997 02 28.79 S 9.1 AC 8.0B 12 8 2 BAROS6
1997 02 28.79 S 9.2 AC 11.0L 7 5o 6 3 BARO6
1997 02 28.81 B 9.3 aCc 11,01 7 50 10 3 0.15 90 ISHO3
1997 02 28.83 S 9.6 TI 11 1 8 32 3.5 2/ KYS
1997 02 28.99 — s 10.6 VB 30 R 18 100 1.2 3 0.02 20 SHAQ2
1997 03 01.10 S10.3 VB 20 R 14 110 1.3 3 SHA02
1997 03 01.47 S 8.2 s 15,0R 5 2§ 5 4/ NAGO2
1997 03 01.49 S 9.3 A 41.0L 6 80 8 5 KOBO1
1997 03 01.56 S 9.0 HS 25.4 T 6 60 4.2 5 Y0S04
1997 03 01.76 M 9.7 TI 10 B 25 3.5 4 ZNO
1997 03 01.77 M 9.4 TI 35 1 5 92 3.6 5 HORO2
1997 03 01.77 S 9.3 AL 6.3R 13 52 3 1 X0s
1997 03 01.83 M 9.6 AC 25.241L 5 65 3 85 MEY
1997 03 01.83 5§ 9.7 TI 8.0B 10 4 POD
1997 03 01.86 S 10.8 AC 33.41 4 61 3 84 0.2 90 SZE02
1997 03 01.93 $10.3 a4 20 ¢ .10 1.5 3 DAM
1997 03 02.76 S 9.5 AL 6.3R 13 &2 3 1 KOs
1997 03 02.78 M 9.4 TI 20 L 5 48 4.5 4/ PLS
1997 03 02.80 M 9.5 TI 20 L 5 48 3.6 5/ HORO2
1997 03 02.82 S 9.0 AC B8.0B 12 9 2 BARO6
1997 03 02.82 S 9.2 AC 11.01L 7 50 5.5 3 BARO6
1997 03 02.84 B 9.3 AC 11.0L 7 50 7 3 0.1 90 TISHO3
1997 03 02.84 S 9.2 AC 8.0B 12 9 3 0.1 90 ISHO03
1997 03 02.93 $10.2 VB 30 R 18 100 1.3 4 SHA02
1997 03 03.02 S$10.1 VB 20 T i0 75 1.6 3 SHA02
1997 03 03.46 $10.0 24 10.0 B 25 SEA
1997 03 03.46 S 10.0 4AA 10.0 B 25 : SEA
1997 03 03.79 S 10.1 AC 15.21 5 42 2.5 3 MOE
1997 03 03.82 S 9.0 AC 8.0B 12 S 3 BARO6
1997 03 03.82 S 9.2 AC 11.0L 7 5o 6.5 3 BARO6
1997 03 03.84 M 9.4 TI 3 1 5 92 3.2 5 0.07 115 HORO2
1997 03 03.88 S 9.9 AC 25.31L 6 58 & 2.2 4 PERO1
1997 03 03.88 S 10.3 AC 25.3L 6 &8 £1.9 3/ VITO1
1997 03 04.04 M 8.2 s 8.0 B 10 4 5 . GONOS
1997 03 04.06 S 9.3 AC 11.0L 7 50 6 2 BARO6
1997 03 04.77 S 9.8 AA 6.31R 13 52 3 1 KOS
1997 03 04.78 M 8.3 TI 35 1 5 66 3.2 5 0.03 115 pLS
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Comet 81P/Wild 2 [comt.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1997 03 04.78 M 9.5 TI 35 L &5 66 3.5 5/ 0.07 115 HORO2
1997 03 04.79 S 9.8 AC 25.4L 5 65 2.5 D4 MEY
1997 03 04.83 S 10.1 AC 28.0T 6 59 3 2 MOE
1997 03 04.86 S 9.0 AC 8.0B 12 8 2 BARO6
1997 03 04.88 §$ 13.7 HS 44.0L b5 156 0. 5 HASQ2
1997 03 05.06 S 9.1 AC 11.0L 7 50 7 3 BARO6
1997 03 05.49 § 10.1 HS 40.0 L 96 2.1 5 NAGO8
1997 03 05.50 S 9.8 AA 10.0 B 25 SEA
1997 03 05.52 S 8.9 V¢ 10.0 B 20 7.5 5 NAGOS
1997 03 05.75 B 8.9 AC 8.0B 12 12 3/ 0.15 90 1ISHO3
1997 03 05.79 5 9.4 AA 11.0L 7 32 6 3 VELO3
1997 03 05.83 M 9.3 TI 8.0B 10 5.5 3/ HORO2
1997 03 05.86 S 9.5 AA 15.0R 8 30 1.5 2 DIEO2
1997 03 06.09 S 10.6 VB 30 R 18 100 1.6 3 SHAQ2
1997 03 06.76 S 10.0 AL 6.3 R 13 &2 3 1 K0S
1997 03 06.81 S 9.9 AC 15.2 L 5 42 2.5 3 MOE
1997 03 06.82 M 9.8 GAL 25.4J 6 &8 2.2 4 BOU
1997 03 07.51 S 9.2 BES 10.0 B 20 4 5 Y0502
1997 03 07.76 M 9.6 TI 10 B 25 4.5 3/ ZNO
1997 03 07.80 M 9.4 TI 20 L 5 48 4.5 5 0.05 105 PLS
1997 03 07.80 M 9.5 TI 20 L 5 48 4 4/ HORO2
1997 03 07.80 S 9.9 AC 25.4L 6 104 4 s5 0.3 90 BAKO1
1997 03 07.80 S 10.4 AC 25.4L 6 104 4 s4 0.25 80 SAR02
1997 03 07.80 S 10.4 AC 25.4L 6 104 6 s5 0.6 80 SZE02
1997 03 07.84 S 9.7 AL 15.0R 8 30 2 4 DIEO2
1997 03 07.84 S 9.7 AC 25,4 L 5 65 3 s4 MEY
1997 03 07.91 M 10.1 NP 21.0L 6 60 4 6 MARO2
1997 03 08.75 M 9.7 TI 10 B 25 4 3 ZNO
1997 03 08.79 S$10.2 AC 33.4L 5 61 4 SZE02
1997 03 08.88 S 9.5 AC 10.0B 25 3.1 3 HAS02
1997 03 08.98 S 8.7 AC 6.0B 20 10 2 SAR02
1997 03 08.99 — M 9.9 NP 44.5L 5 100 3 5/ MARO2
1997 03 09.00 S 10.0 AC 25,3 L 6 58 & 1.6 4/ PERO1
1997 03 09.00 S$10.5 AC 25,3 L 6 &8 & 1.6 5 VITO1
1997 03 09.77 S 9.4 AA 11.0L 7 32 4.1 4 VELO3
1997 03 09.80 S 9.2 AC 11.0L 7 32 9 5 ISHO3
1997 03 09.82 M 9.8 GA 25.4J 6 T2 2.5 4/ BOU
1997 03 09.83 S 9.5 AC 20.3 T 10 &0 1.9 5 KAMO1
1997 03 09.85 S 9.7 AA 15.0R 8 30 2 4 DIEO2
1997 03 09.86 S 9.8 AC 25,3 L 6 58 & 2.2 4 PERO1
1997 03 09.86 S$10.4 AC 25.3L 6 58 & 1.9 4/ VITO1
1997 03 09.87 a S 10.3 NP 25.3L 6 58 & 2.2 4 PERO1
1997 03 09.87 a S 10.5 NP 25.3 L 6 568 & 1.9 4/ VITO1
1997 03 10.06 S 9.0 AC 11.0L 7 32 7 3 BARO6
1997 03 10.76 S 10.4 AA 6.3 R 13 B2 2 1 X0s
1997 03 10.80 S 9.8 AC 15.2L &5 42 3 3 , MOE
1997 03 10.80 $10.0 AC 33.4L 5 61 6 s6 0.5 95 SZE02
1997 03 10.81 S 9.3 AL 11.0L 7 32 4 3 VELO3
1997 03 10.82 S 9.6 AC 25,4 L 5 65 3 s5 MEY
1997 03 10.86 M 9.2 TI 20 L 5 48 3.7 4/ HORO2
1997 03 11.46 S 9.6 AA 10.0B 25 SEA
1997 03 11.77 M 9.8 TI 10 B 25 3.5 3/ ZN0
1997 03 11.79 S 9.2 AL 11.0L 7 32 4 4 VELO3
1997 03 11.79 S 9.6 AC 25,4 L 5 65 2.5 4/ MEY
1997 03 11.84 M 9.1 TI 20 L 5 48 4 4/ HGORO2
1997 03 11.85 $10.6 VB 20 R 14 90 2.0 3 190 SHA02
1997 03 11.92 S 9.9 AC 25.3L 6 58 &3.2 4 PERO1
1997 03 11.92 $10.2 AC 25.3L 6 bB8 & 2.2 4 VITO1
1997 03 11.93 a S 9.9 NP 25.3 L 6 58 & 3.2 4 PERO1
1997 03 11.93 a S 10.4 NP 25.3L 6 58 & 2.2 4 VITO1
1997 03 12.42 S 9.4 AL 10.0B 25 . SEA
1997 03 12.76 M 9.6 TI 10 B 25 4 4 ZX0
1997 03 12.81 M 9.4 TI 20 L 5 48 3.5 4/ HORO2
1997 03 12.82 M 9.6 TI 20 L 5 48 3.7 4 PLS
1997 03 12.97 M 9.8 AC 25.3 L 6 58 & 3.2 3/ PERO1
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Comet 81P/Wild 2 [cont.] oL

DATE (UT) N MM MAG. RF AP. T F/ PWR CDMA DC TAIL PA OBS.

1997 03 12.97 S 9.7 AC 25.3L 6 58 & 3.2 3/ PERO1
1997 03 12.97 S 10.6 VB 30 R 18 100 1.6 s3 SHA02
1997 03 16.09 M 9.9 AC 25.3L 6 58 &3 3/ PERO1
1997 03 16.09 S 9.8 AC 25.3L 6 58 &3 3/ PERO1
1997 03 21.96 5$10.7 VB 30 R 18 170 0.8 3 SHA02
1997 03 22.81 S 9.9 AC 15.2L 5 42 2.5 2 MOE

1997 03 26.81 S 9.5: AC 20.0L 5 70 5 2 BARO6
1997 03 26.%4 $10.2 VB 20 R 14 90 1.5 3 SEAO2
1997 03 27.17 S 9.8 AA 20.0T 10 64 2.2 3/ SPR

1997 03 27.85 S 9.4: AC 5.0B 20 5 2/ BARO6
1997 03 28.88 M 9.3 NP 44.5L 5 100 2 5 SANO4
1997 03 28.88 M 9.9 NP 44.5L 5 100 1.5 6 MARO2
1997 03 28.90 S 9.9 AA 15.0R 8 30 2 6 DIE0O2
1997 03 28.91 S 9.8 VB 20 T 10 75 1.7 s4 SHA02
1997 03 29.84 S 9.8 AC 15.21L 5 42 3 2 , MOE

1997 03 29.85 M 8.7 NP 21.0L 6 60 i 6 2.0m 70 MARO2
1997 03 29.85 510.5 AA 6.3 R 13 52 3 2 K0S

1997 03 29.87 S 9.7 AC 25.3L 6 58 &3 3 PERO1
1997 03 29.87 S10.1 AC 25.3L 6 58 &2 4 VITO1
1997 03 30.82 M 9.7 TI 10 B 25 2.5 5 0.08 110 ZNO

1997 03 30.84 M 9.3 TI 20 L 5 48 2.8 4/ HORO2
1997 03 30.84 S 9.3 AA 11.0L 7 32 6 4 . VELO3
1997 03 30.85 M 9.7 TI 20 L 5 48 3.5 4 PLS

1997 03 30.85 S 8.9 AA 11.0L 7 32 6 4 BARO6
1997 03 30.86 S 9.0 AL 5.0B 20 5 3 BARO6
1997 03 30.87 S 9.7 VB 20 T 10 75 2.0 4 SHAO02
1997 03 30.89 S 9.7 GA 15.6L 5 29 4.0 2/ BOU

1997 03 30.94 S 9.5 VB 10 B 14 2.8 3 SHAOQ2
1997 03 30.94 S11.3 HS 30 T 10 170 1 2 GOLO2
1997 03 31.85 S 9.1 AA 5.0B 20 5 3 BARO6
1997 03 31.86 M 9.9: NP 21.0L 6 60 3 5/ 2.0m 80 MARO2
1997 03 31.86 __ S 9.8 GA 25.4J 6 T2 3.0 3/ BOU

1997 03 31.87 S 9.4 § 20.3T10 80 2.3 4/ KAMO1
1997 03 31.88 S 9.6 AC 25.3L 6 58 k2.2 4 PERO1
1997 03 31.88 S 9.9 AC 28.0T 6 68 2.5 3 MOE

1997 03 31.88 S 10.0 AC 25.31L 6 58 & 0.8 4 VITOL-
1997 03 31.89 S 9.7 VB 20 T 10 75 2.7 s4 SHAO2
1997 04 01.80 S 9.6 HD 44.5L 5 146 2.5 sb 0.4 100 SARO2
1997 04 01.85 S 9.2 AL 11.0L 7 32 6 4 BARO6
1997 04 01.86 S 9.1 AA 11.0L 7 50 5.5 4 . BARO6
1997 04 01.86 S 9.6 S 20.3T 10 80 2.2 4/ 0.02 100 KAMO1
1997 04 01.87 S 8.9 AA 5.0B 20 6 3 BARO6
1997 04 01.87 S 8.7 GA 25.4J 6 58 3.3 3 BOU

1997 04 01.87 S10.3 AA 15.0R 8 30 1.5 6 , DIEOQ2
1997 04 02.81 M 8.6 TI 10 B 25 3 4 0.07 105 ZNO

1997 04 02.83 S 9.2: AA 5.0B 20 3 2 BARO6
1997 04 02.86 M 9.7 TI 35 L 5 66 3 3/ 0.1 120 HORO2
1997 04 02.91 E10.4 NP 30 L 5 60 3 4 NEV

1997 04 02.94 S 9.8 HD 44.51L 5 82 5 5/ 0.3 110 SARO2
1997 04 03.79 S 9.8 HD 6.0B 20 4 2 SARO2
1997 04 03.79 S 9.9 HD 44.5L 5 82 2 56 SARO2
1997 04 03.80 5$10.0 HD 6.0 B 20 1 0 KIS02
1997 04 03.83 S 9.3 AA 11 L 7 32 5 3 BARO6
1997 04 03.86 S 9.5 VB 33 L 5 45 1.9 3 SHAO2
1997 04 03.86 S10.3 AA 15.0R 8 30 1.5 6 DIEO2
1997 04 04.83 S 9.3: AA 5.08B 20 3 2 BARO6
1997 04 04.88 S 9.6 AC 25.3L 6 58 & 2.3 3/ PERO1
1997 04 04.88 S10.1 AC 25.3 L 6 58 & 1.3 4 VITO1
1997 04 05.86 M 9.9 NP 21.0L 6 60 1.5 6 MARO2
1997 04 06.83 S 9.7 S 20.3T1i0 80 2.2 4/ KAMO1
1997 04 07.80 M 9.7 TI 10 B 25 3 4/ 0.07 100 ZNO

1997 04 07.85 S 9.7 § 20.3T 10 80 2.1 4 . KAMO1
1997 04 07.86 S 10.0 AC 15.2 L 5 42 2,5 3 MOE

1997 04 07.88 E10.4 NP 30 L 5 60 3 4/ NEV

1987 04 07.88 M 9.7 GA 25.4J 6 58 3.0 3/ BOU
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Comet 81P/Wild 2 [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PuR COMA DC TATIL PA 0BS.
1997 04 07.88 S 9.7 VB 33 L 5 45 1.8 3 SHAQ2
1997 04 07.89 S 11.3 HS 30 T 10 170 1.5 2 GOLO02
1997 04 09.84 S 10.0 AC 15.2 L 5 42 2.5 3 MOE
1997 04 09.89 E 10.4 NP 30 L 5 60 3 4/ NEV
1997 04 09.90 S 10.1 VB 20 T 10 75 1.4 s3 SHAQ2
1997 04 10.89 S 10.2 VB 33 L b5 75 2.9 3 SHAQ2
1997 04 11.21-- S 9.9 AC 20.0 T 10 125 2.3 3/ SPR
1997 04 11.84 § 10.2 TI 10 B 25 2 2 HYN
1997 04 11.88 S 10.6 VB 30 R 18 100 1.8 3 SHAQ2
1997 04 13.80 M 9.7 TI 10 B 25 3 4/ 0.07 105 ZNO
1997 04 23.89 S[10.4 VB 20 R 14 920 SHAQ2
1997 04 24.83 S 9.3 VF 20 L 5 71 5.3 3 BARO6
1997 04 26.83 S 9.2 VF 20 L 5§ 71 8 2 BARO6
1997 04 26.85 S 10.2 AC 15.2 L 5 42 2 3 MOE
1997 04 27.22 S 10.3 AC 20.0 T 10 125 1.9 2/ SPR
1997 04 27.83 S 9.6: VF 20 L 5 71 & 4 2/ BARO6
1997 04 28.83 S 9.6: YF 20 L § 71 5 2 BAROS
1997 04 29.90 S 10.2 AC 25.3 L 6 58 & 2 2/ PERO1
1997 04 29.90 S$10.3 AC 25.3L 6 58 & 2 3 VITOL
Comet 94P/Russell 4

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1996 11 13.83 C 19.2 GA 60.0Y 6 a240 0.25 295 NAKO1
1997 01 18.88 C17.0 GA 60.0Y 6 a240 0.55 2.8m 292 NAKO1
1997 02 04.84 C 16.7 GA 60.0Y 6 ai20 0.6 2.1m 291 NAKO1
1997 03 01.74 C 16.3 GA 60.0Y 6 al20 0.6 3.3m 288 NAKO1
1997 03 11.71 C16.1 GA 60.0Y 6 al120 0.85 3.6m 287 NAKO1
Comet 96P/Machholz 1

DATE (UT) MM MAG. RF AP. T F/ PHWR COMA DC TAIL PA 0BS.
1996 08 13.70 S[11 : AA 20 L 8 83 C0002
1996 08 31.74 Sf11 : 44 20 L 8 83 c0002
Comet 100P/Hartley 1

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA OBS.
1997 01 18.85 €C 19.1 GA 60.0Y 6 a240 0.35 0.9m 297 NAKO1
1997 01 19.87 C 19.1 GA 60.0Y 6 a240 0.35 0.8m 293 NAKO1
1997 02 04.85 C 18.4 GA 60.0Y 6 a240 0.4 1.8m 289 NAKO1
1997 03 05.71 C16.9 GA 60.0Y 6 a240 0.5 2.4m 285 NAKO1
1997 03 11.77 C16.9 GA 60.0Y 6 al20 0.6 295 NAKO1
Comet 109P/Swift-Tuttle

DATE (UT) N MM MAG. RF AP. T F/ PHWR CcOMA DC TAIL PA 0BS.
1992 11 12.82 S 5.2 AE 5.0B 10 4.5 6/ DOR
1992 11 13.78 S 4.9 AE 5.0B 10 4 6/ 0.5 32 DOH
1992 11 18.90 S 4.8 AE 5.0B 10 4 6/ 0.33 42 DDH
1992 11 20.72 S 5.1 AE 5.0B 10 3.7 6/ 0.33 42 DOH
1992 11 23.83 S 5.0 AE 5.0 B 10 3.5 6 0.5 45 DOH
1992 11 26.73 S 4.9 AE 5.0B 10 3.5 6 0.42 54 DOH
Comet 118P/Shoemaker-Levy 4

DATE (UT) N MM MAG. RF AP. TVF/ PWR COMA DC TAIL PA OBS.
1996 12 28.78 S$12.9 AC 25.4L 5 104 1.0 3 MEY
1997 01 06.84 S 12.4 AC 25.4L 5 104 1.2 3/ MEY
1997 01 12.86 S 12.8 AC 25.4L 5 104 1.1 2/ MEY
1997 01 25.74 S 13.0: HS 35 L 5 237 i 2/ . HORO?2
1997 01 26.76 S 12.8 AC 25.4L 5 104 0.8 3 MEY
1997 01 30.43 C 13.1 GA 60.0Y 6 ai20 2.5 70 NAKO1
1997 02 01.78 §12.9 AC 25.4L 5 104 1.0 2/ MEY
1997 02 01.84 M 13.5 HES 35 L 5 158 0.8 3 HORO?2
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Comet 118P/Shoemaker-Levy 4
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Comet 121P/Shoemaker-Holt
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Comet 121P/Shoemaker-Holt 2 [cont.]

DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TATL P4 0BS.
1997 03 08.83 S 14.1 HS 44.0L 5 156 0.6 3 HASO2
1997 03 08.99 S 14.6 HS 44.5L 5 230 0.7 3 SARO2
1997 03 08.99 S 14.6 HS 44.5L 5 230 i 5/ BAKO1
1997 03 10.84 S 14.6 BS 35 L § 237 0.6 2/ HORO2
1997 03 11.65 C 15.0 GA 60.0Y 6 al20 1.0 1.8m 240 NAKO1
1997 03 11.83 S 14.0 HS 35 L 5 237 0.9 1/ HORO2
. 1997 03 12.93 S 14.4 HS 35 L 5 237 0.8 i HORO2
1997 04 02.92 S 13.7 HS 44.5L 5 230 i 3/ SARO2
Comet 122P/de Vico
DATE (UT) N MM MAG. RF AP. T F/ PHWR COMA DC TAIL PA OBS.
1995 10 03.78 B 5.8 AF 20.0C 9 60 2.6 8 0.9 295 NAGO4
1995 10 06.80 B 5.6 S 20.0C 9 60 7 1. 300 XNAGO4
1995 10 09.81 B 5.6 § 10.0R 4 20 2.3 7 <1.0 NAGO4
1995 10 25.18 S 6.0: SC 6.0 R 10 30 6 MANO1
1995 11 04.84 B 7.9 § 15.0 B 25 3.9 3 NAGO4
Comet 126P/IRAS
DATE (UT) N MM MAG. RF AP. T F/ PHR COMA )] TAIL PA 0BS.
1996 12 28.40 C 14.3 GA 60.0Y 6 al20 1.2 NAKO1
1997 01 12.43 C 14.2 GA 60.0Y 6 ai20 1.9 2.1m 77 NAKO1
1997 01 30.42 aC15.0 GA 60.0Y 6 al20 1.3 2.3m 69 NAKO1
1997 02 09.43 C 15.0 GA 60.0Y 6 al20 1.1 62 NAKO1
1997 02 24.42 aCi15.3 GA 60.0Y 6 al20 1.0 NAKO1
1997 03 08.80 s[14.0 HS 44.0 L 5 222 BEAS02
Comet P/1997 B1 (Kobayashi)
DATE (UT) N MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1997 02 04.75 —C 17.5 GA 60.0 Y 6 a240 0.3 8/ 0.6m 290 NAKO1
1997 02 09.69 ¢ 17.4 GA 60.0 Y 6 a240 0.4 8 0.6m 295 NAKO1
1997 02 27.62 C 17.6: GA 60.0 Y 6 a240 0.4 8 1.0m 297 NAKO1
Comet P/1997 Ci1 (Gehrels)
DATE (UT) X MM MAG. RF AP. T F/ PWR COMA DC TAIL PA 0BS.
1997 02 04.71 C17.4 GA 60.0Y 6-.a240 0.55 1.3m 291 NAKO1
1997 02 09.66 C 17.9 GA 60.0 Y 6 a240 0.6 1.5m 290 NAKO1
1997 02 24.45 C 18.4 GA 60.0 Y 6 a240 0.45 1.2m 298 NAKO1
1997 03 01.60 C18.4 GA 60.0Y 6 a240 0.45 i.im 298 NAKO1
1997 03 05.56 C 18.4 GA 60.0 Y 6 a240 0.4 1.9m 294 NAKO1
o 0 0

Below: two drawings of comet C/1996 B2 (Hyakutake) by Martin Lehky at Hradec Krilové, Crech
Republic, as seen through a 42-cm f/5 L (75x ), on 1996 Mar. 25.94 (left) and Mar. 27.81 (right).




ICARUS 124, 651-662 (1996)
ARTICLE No. (239

Ground-Based Near-Infrared Imaging of Comet P/Halley 1986 llI

CHARLES E. WOODWARD'

Wyoming Infrared Observatory, Department of Physics and Astronomy, University of Wyoming, Laramie, Wyoming 82070-3905
E-mail: chelsea@kaya.uwyo.edu

MARK A. SHURE

Georgia State University, Center for High Angular Resolution Astronomy, 38 Peachiree Center Avenue, 1039GCB, Atlanta, Georgia 30303

WiLLiaM J. FORREST!

University of Rochester, Departient of Physics and Astronomy, Rochester, New York 14627

T. J. JoneEs aND R. D. GEHRZ

Astronomy Department, School of Physics and Astronomy, 116 Church Street S.E., University of Minnesota, Minneapolis, Minnesota 55455

TETSUYA NAGATA!

Nagoya University, Department of Physics, Nagoya 464-01, Japan

AND

ALAN T. TOKUNAGA

University of Hawaii, Institute for Astronomy, 2680 Woodlawn Drive, Honolulu, Hawaii 96822

Received September 24, 1993; revised August 12, 1996

We present an analysis of 1- to 5-um, near-infrared broad-
band images of Comet P/Halley 1986 III covering a 10°-km
square region of the inner coma obtained on three consecutive
nights in 1986 March during post-perihelion passage. In all
images, the coma is extended in the sunward direction and
appears distinctly non-spherical, similar to morphology in the
10-um made by Hayward et al. (1987) 3.0 days later during
the Giotto encounter. Marked variation in the coma’s overall
structure and brightness also was apparent, including the pres-
ence of a jet feature which we associate with a short-term
outburst of material from the comet nucleus. The observed
tance (r) at all wavelengths in both the comet dust tail and in
the jet deviates from the dependence predicted by the “steady
state’” model for comet nucleus ablation, with the radial de-
crease in surface brightness being slower than r~' on the jet
side of the nucleus and faster that r~' on the tail side. The
near-infrared colors of the coma are not constant as a function
of nucleocentric distance, suggesting that the grain properties

! Visiting astronomer at the Infrared Telescope Facility, operated by
the University of Hawaii, under contract from the National Aeronautics
and Space Administration.
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are not uniform across the coma. Based on an elementary
dynamical analysis of the trajectories of dust particles ablated
from the nucleus we argue that these observations may be
consistent with the hypothesis that particles emitted in jets
fragments in the outflow on time scales of a few hours. 19
Academic Press, Inc.

I. INTRODUCTION

~ Infrared images of comets convey valuable information
about the spatial distribution within the inner coma and
tails of dust grains with various physical properties (e.g.,
Hanner and Tokunaga 1991, Campins et al. 1989). At wave-
lengths shortward of 2 um, the observed light is primarily
sunlight scattered by dust grains, while at longer wave-
lengths, thermal emission from the dust dominates the
radiation. In addition, at near-infrared wavelengths many
comets generally do not exhibit strong gaseous emission
bands (Johnson et al. 1983), unlike the visual and ultravio-
let spectral regions, Observations by Maillard er al. (1987)
show that there were no such infrared emission lines in
Comet P/Halley 1986 III. Thus, the imaging of comets in

0019-1035/96 $18.00
Copyright © 1996 by Academic Press, Inc.
All rights of rcproduction in any form reserved.
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1988 March 9.7 UT
log (4 brightress)

log (K brightness)
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log (M brightness)

FIG. 1.

Near-infrared images of Comet P/Halley 1986 III. The images are logarithm-scaled with contours at equal intervals. These images have

been interpolated onto a grid of 63 X 63 pixels, each of which is 0.21" square (one-half the size of the original image pixels). The field of view is
13.2 x 13.2 arcsec. There is more than one image for each wavelength in some cases, to include data available beyond the 13.2 X 13.2 arcsec area.
(a) 1986 March 9.7 UT (at J, K, and M’). (b) 1986 March 10.7 UT (at J, H, K, 3.3, L', and M’). (c) 1986 March 11.7 UT (at K, and L’).

the infrared can be a powerful method of studying spatial
variations in the optical properties of the dust.

In particular, it is important to understand in detail what
types of grains populate comet jets, classical dust tails, and
anti-tails and how these structures are oriented with respect
to the nucleus, the direction of the solar radiation field,
and the projected orbital motion for a given comet. Such
studies can yield important information about: the physical
process of the ablation of comet nuclei; how grains of
various sizes and compositions behave in the solar vicinity
after their ablation from the nucleus; and the nature of
the grains frozen into the nuclei during the formation of
the primitive solar system. Among the grain properties that
can be investigated with infrared techniques are scattered
radiation, thermal emission, and albedo (see Gehrz and
Ney 1992).

In this paper we present high-resolution 1- to 5-um
broadband images of P/Comet Halley 1986 III (hereafter
referred to simply as P/Halley) taken in 1986 March and
discuss the results of some simple model analyses. Dynami-
cal studies of the trajectories of dust grains in the coma of
P/Halley suggest that particles ablated from the nucleus
are produced in a jet similar to those seen in the Giotto
spacecraft images, and can produce the sunward extension
of the coma observed near-infrared surface brightness.

II. OBSERVATIONS

The JHKL'M' and [3.3-pm] broadband observations of
P/Halley were obtained at the NASA IRTF 3-m telescope
on Mauna Kea, Hawaii on 1986 March 9.7, 10.7, and 11.7
UT, using the University of Rochester’s 32 X 32 InSb
infrared array camera. The observational epoch was ap-
proximately 30 days after perihelion passage (1986 Febru-

ary 9.5 UT) and three days before closest approach by
the Giotto spacecraft. The observing techniques and data
reduction procedures for this camera are described in For-
rest et al. (1985) and Woodward (1987). The image pixel
scale (0.42"/pixel) and rotation angle of the camera were
calibrated using star pairs and star trails (obtained with
the telescope drive switched off) as described in Forrest
et al. (1986). A reference field for blank-sky background
images was chosen 1000" south of the comet nucleus.
Seeing varied from night to night; the average FWHM of
star images at K was 1.0", 1.07, and 1.3" on March 9.7, 10.7,
and 11.7 UT, respectively. The comet’s heliocentric and
geocentric distances were 0.9 and 1.1 AU, respectively,
while the phase angle at the time of these observations
was ~60°. The image scale was ~300 km/pixel with this
geometry. Repeated observations of the standard star BS
7754 were used to derive a flux density calibration. We
estimate an overall uncertainty of +10% in the derived
flux levels. This error estimate includes both systematic
and photometric effects.

In order to take full advantage of the spatial resolution
obtainable from multiple images taken at different posi-
tions for each wavelength, images were shifted and interpo-
lated onto a 63 X 63 pixel grid before combining into the
final mosaics. Small background variations observed in
individual raw images (most likely due to the brightening
morning twilight) were corrected by applying uniform off-
sets to each image before forming mosaics. These offsets
were chosen such that they averaged to zero. The resulting
63 X 63 mosaics are presented in Figs. 1a through 1c. Solar
illumination is from a position angle of 78° east of north (as
indicated on the figures) and the projected comet velocity is
toward a position angle of 241°. Distinct changes in the
small-scale morphology are seen from night to night, and
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all images are asymmetric about the nucleus. This is hardly
surprising, as spectacular variations were also seen in opti-
cal images obtained on the preceding four nights (Jewitt
1991).

ITI. DISCUSSION

A. Spatial Morphology

The overall near-infrared morphology of the inner coma
of P/Halley observed on each of the three nights (1986
March 9.7, 10.7, and 11.7 UT) varied, as can be seen by
comparing the images made on the three nights at J (1.23
um) and K (2.23 um). All of the near-infrared images are
asymmetric about the nucleus and show an extension at
position angles (measured east of north) that varied with
time (=~90° on March 9.7 UT,; =~115° on March 10.7 UT;
= 50° on March 11.7 UT). Hayward er al. (1987) obtained
a 10-um image on 1986 March 13.7 UT that exhibits a
similar spatial morphology as that seen in our 1986 March
9.7 UT image (Fig. 1b; Fig. 4a). This feature is pointed
about 40° southeast of the direction to the sun, and would
at first glance appear to be an anti-tail similar to the one
observed by Ney (1974a, 1974b) in Comet Kohoutek 1973
XII. Ney showed that the anti-tail had a smooth, featureless
continuum energy distribution with no superheat (for a
rigorous definition of superheat, see Gehrz and Ney 1992),
and concluded that it was composed of dust grains larger
than a few 10’s of micrometers in radius. We argue below
on dynamical grounds that it is difficult to understand how
the extension we observed in Comet P/Halley could be
produced by grains nearly as large as those in the anti-tail of
Kohoutek, and that it is more probable that the extension is
produced by emission from a jet of rather small particles.
We refer to this feature hereafter as “the jet.”

Our data set suggests that the jet apparently persisted
in the same general spatial direction for a period of 48 hr
from 1986 March 9.7 through 11.7 UT, and it pointed to-
ward the sunward direction as did the jet observed on 1986
March 13.7 UT by Hayward ez al. (1987). In view of this
behavior, it seems unlikely that the jet seen during March
9.7-11.7 UT emanated from a single jet that was subject
to the diurnal affects associated with a short rotation pe-
riod. P/Halley’s nucleus is believed to be tumbling in space,
with periods between 2.2 to 7.4 days (Larson et al. 1987,
Millis and Schleicher 1986). It seems likely that the direc-
tion of the jet would have changed substantially had the
2.2 days period been involved. Indeed computer enhanced
visible CCD images obtained during the same period (Lar-
son et al. 1987) covered by our infrared images suggest
that the near-nuclear structure of the comet changed daily
due to activity from one or more jets. The jets that are
apparent in the near-infrared images could have been emit-
ted from an area on a polar region the nucleus that is
inertially pointed toward the sun for long periods of time.

WOODWARD ET AL.

Alternatively, there may be several spots on the nucleus
that emit jets located in such a way that the effects of
rotation are difficult to discern.

B. Surface Brightness Distribution

The radia. and azimuthal infrared surface brightness
variations derived from our images can be used to test
models of dust grain production from cometary nuclei. If
the rate of grain production from the nucleus is constant
(i.e., steady-state) and spherically symmetric and if the
coma optical depth is everywhere much less than unity,
then standard models (cf. Gehrz and Ney 1992) predict
that the surface brightness of the coma will fall off as r™!
(where r is the nucleocentric distance). The inner coma
brightness profile of P/Halley has exhibited this behavior
at some epochs (Gehrz and Ney 1992, Reitsema et al. 1989);
other comets often exhibit this behavior as well (Campins
et al. 1989). When solar radiation pressure becomes im-
portant, the azimuthally-averaged surface brightness pro-
file varies as r~!° (cf., Jewitt 1991).

In order to describe the shapes of the brightness profiles,
we define the logarithmic derivative m = d log B(r)/d log
r, where B(r) is the radial surface brightness profile and
r is the projected angular distance from the photocenter
of the image. Our assumption above of a steady-state,
isotropic outflow yields m = -1, while the radiation pres-
sure dominated case gives m = —1.5. Integrating the sur-
face brightness over a circular aperture of angular radius
r, we obtain the integrated brightness B’(r), with a logarith-
mic slope of m' = d log B'(r)/d log r = m + 2. Thus, the
steady-state, isotropic model predicts m’ = 1; while the
radiation-dominated pressure case predicts m’ = 0.5.

In Table I, we present the integrated surface brightness
as a function of increasing aperture size centered on the
nucleus obtained from the images shown in Figs. la
through 1c. These results are plotted in Figs. 2a through
2¢. For the March 9.7 UT images the integrated brightness
closely follows a slope of m' = 1, in agreement with the
steady-state, isotropic grain production model. This is in
agreement with the results of multi-aperture photometry
of this comet obtained with a single detector (Gehrz and
Ney 1992). On the following night, the slope increased
slightly (m’ = 1.1) and considerably more on the third
night (m’ = 1.5). On each of the three nights, all the
wavelengths observed show the same slope. The slopes of
integrated brightness on the last two nights suggest surface
brightness profiles with m = —0.9 and —0.5, respectively
(averaged over all azimuth angles). These represent more
uniform distributions of surface brightness (i.e., less
peaked) than the predicted B o« r7' steady-state iso-
tropic model.

This trend in slopes inferred from the aperture photome-
try can be explained by deviation from a steady-state out-
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TABLE 1
Observational Summary of Image Data for Comet P/Halley 1986 III

UT TIME OF  INTEGRATED MAGNITUDE IN

A A 1986 OBSERVATONS A SYNTHETIC APERTURE °
FILTER (um) (um) UT DATE (hr:min) 327 40" 50" 63" 79" 100"
J 123 023 March 09 16:28-16:33 755 7.20 7.04 679 654 631
March 10 16:22-16:23 812 7.83 755 727 697  6.68
H 165 032 March 10 16:25-16:26 744 715 687 659 629 599
K 293 041 March 09 16:20-1T:08 676 648 622 596 570 545
March 10 16:12-16:17 716 6.8 659 631 602 574
March 11 16:36-16:41 866 828 791 755 7.8 683
3.3 326 020 March 10 16:28-16:30 535 506 4.78 450 420 391
L 381 0.63 March 10 16:32-18:12 433 403 3.75 346 315 286
March 11 16:55-18:24 579 543 507 470 432 394
M’ 467 0.18 March 09 16:36-16:41 232 206 1.83 160 138 118
March 10 16:35-16:41 276 247 220 192 164 136

“ Integrated magnitudes measured in an octagonal box with given diameter. The diameters were chosen to give
0.25 mag decrease per aperture for a ™' brightness law (see text).

flow. As shown in Table I, the integrated K-band flux
within the central 3.2” dropped by 0.4 mag between the
first two nights (1986 March 09.7 UT and March 10.7 UT),
and by an additional 1.6 mag on the following night (1986
March 11.7 UT). This drop in integrated surface brightness
likely corresponded to a reduction in the dust production
rate and thus to the decreasing slopes in the brightness
distributions shown in Figs. 2a through 2c.

Variations in the level of activity during 1986 March 09
UT-12 UT also were recorded in observations at other
wavelengths. The count rates of the JUE fine error sensor
(FES) declined by a factor of 2.5 from 1986 March 9.6 UT
to 11.6 UT (Festou et al. 1986, Feldman et al. 1987). Most
of the signal is due to C; and continuum emission in a
12”7 X 12" area centered on the comet coma. Spectra ob-
tained with the LWP camera of IUE over this same 3-
day period showed that the brightness of the CS (0 — 0)
molecular feature decreased by a factor of =3 (Festou
et al. 1986). The IUE observations suggest that the dust
production rate of P/Halley diminished over the temporal
epoch covered by our observations. The 10-um observa-
tions of Hanner et al. (1987a, 1987b) also suggest that dust
emission rates and particle sizes present in the coma varied
rapidly, on timescales of 3 to 7 days, during this same
period in March 1986 UT.

A high production rate of C; on 1986 March 10.3 also was

observed in a 78 arcsec aperture by Millis and Schleicher
(1986). The rate on March 10.3 (log Q =~ 27.5) is about
twice that observed on either 1986 March 9.3 or 1986 March
11.3, and a factor of three times larger than that observed
on 1986 March 12.3. Indeed, the production rate of C,;
observed on March 10.3 corresponds to the first of two
maxima in one period of the 7.4 days rotation rate of the
nucleus proposed by Millis and Schleicher (1986) spanned
by our infrared observations. Their data also indicate that
the overall production rate of C, was steadily decreasing
during this epoch. The variation in the observed near-
infrared brightness measured from our images (Table I)
also shows a similar temporal decline.

C. The Jet

The integrated flux in P/Halley’s coma on 1986 March
9.7 and 10.7 UT, for circular diaphragms of diameter D
centered on the nucleus (effectively averaging over all azi-
muthal angles), is proportional to D~ (Table I). However,
there is a wealth of detailed information in the azimuthal
structure of the original images that is difficult to display
in a gray-scale image due to the large dynamic range of
the images. A close analysis of the surface brightness distri-
bution of the near-infrared images of P/Halley (Fig. 3)
shows that the radial surface brightness distribution of the
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FIG. 2. Integrated surface brightness from images in Fig. 1. These were calculated using summed signal within octagonal apertures centered

on the nucleus (see Table I). Aperture diameters were selected to give 0.25 mag decrease per aperture for 7! surface brightness distribution (see text).

inner coma in the sunward and anti-sunward directions on
1986 March 10.7 UT deviates in detail at all near-infrared
wavelengths from that predicted by the standard model.
Specifically, the radial decrease in surface brightness is
considerable shallower than r! on the jet side (east) of
the nucleus and steeper than r~! on the opposite (tail) side
{west). These two gradients compensate for one another
when the total flux is integrated within circular diaphragms
centered on the nucleus. The resulting multi-aperture pho-
tometry (cf., Gehrz and Ney 1992), while presenting a
generally valid indication of the integrated mass-loss char-
acteristics of the nucleus, can lead to a misleading picture
of the detailed surface brightness distribution within the
coma.
The relatively flat surface brightness gradient on the jet
side of the nucleus, compared to the r! law requires either
that the distribution of dust grain sizes changes with
nucleocentric distance from the nucleus, or the outflow
velocity is not constant with nucleocentric distance. Analy-
sis of the color gradients in Section IIL.E strongly implicate
changes in grain size. Explanations for a change in grain
size with radius fall into two broad categories. In one sce-
nario, grains of different size are leaving the nucleus at

different velocities. Large grains, for example, may leave
the nucleus at a slightly slower rate, causing a change in the
ratio of large to small grains with nucleocentric distance.
In the other scenario, the grains could be fragmenting to
smaller grain size as they move out into the coma. Theoreti-
cal calculations suggest that the grains that fragment will
do so within a few hundred kilometers of the nucleus,
below the spatial resolution of our images (Combi 1994,
Konno et al. 1993). Based on these calculations, we should
see no effect as the grains would be fully fragmented out-
side of the inner resolution element of images. Nonethe-
less, the grain fragmentation model is sufficient appealing
that we will investigate its consequences if fragmentation
can take place over longer time scales than recent theoreti-
cal work predicts.

In our grain fragmentation scenario, we assume that the
total mass of material released from the coma in the form
of solids remains constant in the outflow. An elementary
argument suffices to demonstrate that the light scattering
and thermal emission efficiency of a given mass of ejected
solids increases under certain conditions in this scenario.
Consider a mass M of ejected solid material with uniform
density that is divided into a total of n spherical particles,
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each with constant density r and radius a(n), where
a(n) = [(3/(4m)M/(nr)]'? and n = 1 denotes the special
case when the material is concentrated in a single large
object. In this case, the total scattered radiation and ther-
mal emission from this material respectively wili be propor-
tional to L,y o Qan[a(n)? o Q) [m/r]**n'5, where
Qo) are the Planck mean scattering and absorption cross
sections of the grains.

An examination of Gilman’s (1974) calculations shows
that O,y = 1 for particles with radii on the order of or
larger than a(n) =~ A = 1 um, and Q. = a(n)T} for
particles smaller than a(n) =~ (A/27) = 0.2 um, where T,
is the grain temperature. Since n < (m/a*), n'’® < a7, the
scattering/emission efficiency of a given mass of material
rises strongly as particles with radii in the range 1 to 10
um break up into particles with radii as small as 0.5 to 1.0
pm. The Q. « a(n) T3 dependency cancels the n'/3 o
a”' dependency as the particles disintegrate further to sub-
micrometer sizes, so that the scattering/emission efficiency
no longer increases with further size reduction.

When the grain fragments, the emissivity drops at near
infrared wavelengths, hence the grain temperature will
increase to compensate (i.e., superheat). Thus, the emis-
sion at L’ and M’ will rise with the shift in the blackbody
curve to shorter wavelengths, assuming that the grain al-
bedo at visual wavelengths (where the bulk of the solar
radiation is absorbed) remains essentially unchanged. At
Sun-comet (heliocentric) distances of =~1 AU, this
amounts to a 15 to 20% effect at 3.8 and 5 um, assuming
the grains were not perfect blackbody radiators to begin
with. Thus, grain fragmentation can explain the slow drop
in surface brightness with radial distance both in the scat-
tering and thermal regimes. We stress that our argument
assumes that the total grain mass remains constant, and
that evaporation of the grains is not an issue. The calcula-
tions presented below (see Section III.LE) demonstrate that
jet particles ejected at a velocity of <1 km s™! will travel
out of the images in about 4 hr. This is the timescale over
which the particles must fragment if fragmentation is the
explanation of the radial color gradient of the jet side of
the comet.

Gehrz and Ney (1992) argued on the basis of infrared
photometry from 1.25 to 23 um that the fluxes observed
with 5" to 20" diaphragms were consistent with the interpre-
tation that the typical radii of the optically important grains
in P/Halley’s coma were 0.5 to 1.0 um. The near-infrared
images of the jet show a gradual transition from a relatively
flat surface brightness distribution inside 3" to one ap-
proaching r~! at 5" to 10”. This would imply that the solids
ejected in the jet broke up in the outflow, and that the
optically important particles subsequent to breakup were
larger than about 1 wm in radius. We conclude that the
grain fragmentation hypothesis can explain the radial
color.
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The rather steep surface brightness gradient on the anti-
jet side of the nucleus is in the opposite sense to that
expected from grain fragmentation. In this case, grains of
different sizes may be traveling at different velocities, there
is considerable evaporation of volatiles as a function of
nucleocentric distance, or there is a velocity gradient in
the outflow. Perhaps the particles in this portion of the
coma decreased in radius by evaporation during their dy-
namical acceleration into the dust tail. In this scenario, the
total mass in solids decreases in the outflow. Jewitt et al
(1982) and Jewitt and Meech (1987) reported similar be-
havior in several comets at large nucleocentric distances,
and reasoned that the evaporation of volatile ices from
grains could explain the effect. Because the particles on
this side of the nucleus are initially moving much more
slowly than are the particles in the jet (see Section ITLE),
the dwell time of these particles in the images is sufficiently
long to expect that evaporation might be substantial. An-
other possible explanation is that changing particle size
can change the solar radiation pressure on the particles
and cause them to accelerate at different rates away from
the nucleus.

D. Color Gradients in the Inner Coma

We have made cuts along the jet and in the anti-jet
direction in the J (1.23 um), K (2.23 um), L' (3.8 um),
and M' (4.67 pm) images obtained on 1986 March 10.7
UT. The geometry of these cuts and their relation to
the direction of the Sun and the motion of the comet
are shown in Fig. 4a. In each image, the location of the
nucleus of the comet was determined by an elliptical fit
to the inner 3”. In this manner the images at the different
filters could be registered. The flux ratios with respect
to the J band along these cuts are shown in Figs. 4b
and 4c.

It is evident from Fig. 4 that there are color gradients
along the jet and tail directions in the near-infrared
images of the coma of P/Halley. In interpreting these
gradients, it is important to recognize that the J and K
images refer mainly to scattering properties of the grains,
whereas the L’ and M’ images refer mainly to the
absorption and emission characteristics of the grains.
Along the jet (Fig. 4b) the observed J/K ratio remains
constant, while the J/L’ and J/M' ratios become bluer
as a function of increasing nucleocentric distance r. This
behavior is consistent with fragmentation and a decrease
in grain radius (for grains with radii =0.5 um) with
increasing r as hypothesized in Section IIL.C to explain
the brightness gradient of the jet. As grains become
smaller, they will scatter more efficiently at short wave-
lengths. At longer wavelengths the grain emissivity will
decrease as grain size is reduced, but the grain tempera-
ture will increase. This could result in a net increase in
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FIG. 4. (a)J-band image of comet Halley on 1986 March 10.7 UT with the locations of the one dimensional cuts (indicated by the solid lines
to the southeast [along the jet] and to the northwest [anti-jet direction]) superposed on the isophotal contours. The projected directions of the sun
and the orbital motion of the comet are indicated by dashed and solid arrows, respectively. (b) Flux ratios along the jet. (c) Flux ratios along the

anti-jet.

flux at L’ and M (assuming no change in the grain
albedo in the visual where most of the Sun’s flux is
absorbed), but at heliocentric distances of =1 AU or
less (i.e., T = 300 K) the effect is too small to compensate
for the strong increase in the albedo at J. In other words,
the surface brightness in the jet is falling off more slowly
at both J and M’ than expected from the standard model,
just less so at M'".

In the anti-jet direction (Fig. 4c), we observe roughly
the inverse behavior, with J/K increasing slightly and
J/IL'" and JIM' decreasing with increasing radius. The
decrease in J/L' and J/M' indicate that the average
albedo of the grains is dropping with increasing radius.
In Section II1.C we suggested two scenarios for the steep

surface brightness gradient in the anti-jet direction. One
scenario had the smaller particles being accelerated out
of the inner tail by radiation pressure, depleting the
small grain population that is most efficient at near-
infrared scattering. This would explain the observed color
gradient. The second scenario had volatiles evaporating
from grains, making them darker and lowering their
albedo (cf., Braum et al. 1992). This scenario also can
explain the observed color gradient in the anti-jet direc-
tion. Both scenarios require that the grains are traveling
more slowly away from the nucleus in the anti-jet direc-
tion, allowing more time for either the removal of small
grains by radiation pressure, the evaporation of volatiles,
or fragmentation.



660

E. Dynamics of Dust in the Coma

The near-infrared images convey information about the
spatial distribution and physical properties of the grains in
the coma. We assume that the observed infrared emission
reflects the properties of the optically important grains (as
defined by Gehrz and Ney 1992) along any given line of
sight in the image data. Dust impact measurements from
Giotto revealed a large range of particle sizes in the coma
of P/Halley, and showed that the differential particle mass
distribution followed a power law (McDonnell et al. 1987).
Such a grain size distribution is consistent with the thermal
emission from other comets (Hanner er al. 1985a, 1985b,
1985c). Jewitt and Meech (1986) and Jewitt (1991) argued
that the effective grain radius of the optically important
grains is given by the optically weighted mean grain size
inferred from a power law differential grain radius distribu-
tion of the form n(a)da = Ka "da, where m is between 3
and 4.5. We assume in the discussion that follows that the
grain properties that dominate the infrared scattering and
emission refer to this optically weighted mean.

The spatial distribution of grains of various mineral and
physical properties within cometary comas and tails can
be determined by calculating the trajectories these particles
will assume upon being ablated from the comet nucleus,
using an elementary model (cf., Sekanina 1974a). We will
assume that spherical grains of radius a, which are perfect
absorbers, and uniform density are ejected at a thermal
velocity from the nucleus by the heating due to insolation.
In the absence of jet activity, the trajectory grains follow
upon leaving the comet are, in general, determined by the
ratio 8 = F,,4/F; of the radial radiative and gravitational
forces (Burns et al. 1979).

The total acceleration vector a on the grain obtained by
combining the radiative acceleration (due to radial radia-
tion pressure of the solar radiation field at the heliocentric
distance r on a perfect absorber) and the acceleration due
to gravity is

a=-Zeli-g{(1-2)-2}]

Syndynes generated from this relation using a range of
values of B are shown as dashed lines in Fig. 5. The orbit
of the comet was assumed to be purely elliptical with no
non-gravitational effects. For a wide range in 3, material
swept off of the comet by solar radiation pressure would
appear to the west in any image of the comet taken on
1986 March 10.7 UT. The extension to the inner coma seen
in the images however, are to the east. Therefore, some
other mechanism such as jets must be responsible for creat-
ing the eastward extension to the image of the comet.
The effect of jets on particle trajectories is easily incorpo-
rated into our analysis. The solid lines in Fig. 5 are the
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syndynes for particles ejected from the comet with a veloc-
ity vector pointing directly at the sun. Typical jet velocities
observed in Comet P/Halley range from 0.2 to 1 km s
(e.g, Watanabe et al. 1987). For simplification 3 was set to
zero. The jet particles move ahead of the comet on an
orbit that is initially interior to the comet orbit. Jet parti-
cles, then, would appear to the east in images of the comet
on 1986 March 10.7 UT. We conclude that the eastern
extension is caused by a jet of the type observed by Giotro,
and seen in the 10 wm images made during the Giotto
encounter by Hayward er al. (1987). However, we note
that whether or not the semi-major axis of the ejected
particle’s orbit is larger or smaller than the comet’s depends
on where in the comet orbit the particle was ejected. For
non-zero values of 8, jet particles will take more compli-
cated trajectories than shown in the figure. However, on
the spatial scale of our images, the jet velocity will initially
dominate the motion. This can be seen by comparing the
hourly intervals in Fig. 5b for the jet and the 8 = 1 anti-
sunward tail.

The appearance of sunward anti-tails composed of very
large grains (small 8’s; Burns et al. 1979) such as the one
reported for Comet Kohoutek 1973f by Ney (1974a, 1974b)
can be explained as a projection effect (Sekanina 1974a,
1974b). Our dynamical analysis of the grain trajectories
for P/Halley in mid-March 1986 shows that the large grains
cannot extend in the sunward direction unless jet activity
is involved in their ablation from the nucleus. Particles
released with zero velocity with respect to the nucleus
must, immediately begin trailing the nucleus because of
the larger orbit dictated by the reduced gravity term that
they feel. Those ejected with velocity vectors in the direc-
tion of the sun will precede the comet on the inside of the
comet orbit. Particles released with zero velocity relative
to the nucleus and very small values of 8 move away from
the nucleus very slowly (Fig. 5b). If the grain characteristics
change with time in such a way as to increase 3, they will
quickly accelerate further from the nucleus. Such an effect
could explain the steep brightness gradient on the “tail”
side of the comet. However, we caution that detailed inter-
pretation of evaporation and/or fragmentation effects
would require extensive quantitative modeling of the data
(cf., Konno er al. 1993).

IV. CONCLUSIONS

Our near-infrared images of Comet Halley graphically
demonstrate its very active behavior. We draw the follow-
ing conclusions from our analysis presented here of post-
perihelion near-infrared images of Comet P/Halley 1986
III.

(1) Both the scattered and thermal infrared components
show that the dust in the coma is extended on the sunward
side of the nucleus. The near-infrared coma morphology
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resembles the 10 um morphology displayed in images
made a few days later by Hayward et al. (1987).

(2) Our analysis of the trajectories of dust grains in the
vicinity of the nucleus of P/Halley leads us to conclude
that the sunward extension of the coma is produced by
jets similar to those evident at visible wavelengths in the
Giortto spacecraft images of the nucleus (Reitsema et al.
1989).

(3) The coma surface brightness dependence upon
nucleocentric distance at all wavelengths in both the comet
dust tail and in the jet deviates from the dependence pre-
dicted by the “steady state’” model for comet nucleus abla-
tion in which grains are ablated from the nucleus at a
constant rate and flow outward from the nucleus at con-
stant velocity.

(4) The near-infrared colors of the coma are not con-
stant as a function of nucleocentric distance, suggesting
that the grain properties are not uniform across the coma.
The color profiles observed on the sunward side of the
nucleus suggest that the grains fragment in the outflow of
the jet on time scales of a few hours.

The changing structure we observe necessitates rapid
evolution of dust production rates in different directions
from the nucleus. However, dust observed within our small
field of view might have originated in outbursts much ear-
lier than those evident in our images. Thus, it will be im-
portant to obtain a continuous temporal series of images
of comets in the future to fully explore dust production
rates and mechanism. The increased fields of view available

with recent large format 256 X 256 infrared arrays will
provide a more complete record of the evolution of dust
grain distributions. As the present study demonstrates, it
will be important to obtain images at wavelengths which
span both the scattered and emitted thermal spectrum of
coma dust grains.
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ABSTRACT

We report pre-perihelion observations of comet P/Swift-Tuttle obtained with the UCSD mid-infrared
astronomical camera on 12 nights in November 1992. The images were taken through a 1 um wide filter
centered at 11.65 um. During the observing run, the heliocentric distance decreased from 1.13 to 0.98 AU,
and the geocentric distance increased from 1.16 to 1.33 AU. The spatial scale of the images was 700-800
km per pixel. In addition, photometric data at wavelengths between 3.6 and 18.5 um were obtained on one
night. The infrared images cover the cometary activity on time scales from hours to weeks and reveal large
changes in the overall morphology of the coma. From periodic changes in the jet patterns we determined the
period of nuclear rotation of 67.5+0.4 h. Photometry indicates that the temperature of the coma was 35%
higher than the blackbody temperature at the same heliocentric distance and, hence, that the coma was
dominated by small particles of average radius of 0.7 um. The dust mass loss rate varied with the
heliocentric distance as R~ and displayed ~40% variation with the rotational phase. Two major jets were
present in the images obtained on November 07-17, and a third area became active on November 2429,
increasing the average dust loss rate by a factor of 1.4. The relative positions of the three active areas on
the surface of the nucleus are consistent with the positions of the most stable active zones identified by
Sekanina [AJ, 86, 1741 (1981)] from the data on the P/Swift-Tuttle apparition in 1862, The radial brightness
profiles suggest the radius of the nucleus is 15%3 km. This implies that the nucleus of P/Swift-Tuttle is ~34
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times more massive than the nucleus of P/Halley. © 1995 American Astronomical Society.

1. INTRODUCTION

Studies of the nature and evolution of comets depend cru-
cially on our understanding of the mechanisms and charac-
teristics of cometary activity. During perihelion passage,
comets are heated by solar radiation and release gas and dust
into the inner solar system, thus forming a coma. From ob-
servational studies, combined with extensive modeling, we
know that the morphology of the coma is determined not
only by the velocity and size distributions and the physical
properties of the ejected material, but also by the geometry
of jets and sources on the surface of the nucleus, its shape,
and rotation geometry with respect to the Sun (review by
Sekanina 1990).

Temporal and spatial variations in the distribution of both
gas and dust in coma indicate highly anisotropic emission
mechanisms which are due to the inhomogeneity of nucleus
surface properties and also depend upon the local insolation
history. Gas molecules and very small dust grains display
semichaotic motion (Horanyi & Mendis 1985), but the mo-
tion of the optically efficient micron-sized and larger dust
particles is much more collimated and predictable (Kitamura

1987; Rabinowitz 1988). Due to the quasi-coherent behavior
of dust particle jet flows, the trajectories can be dynamically
extrapolated back to the surface of the nucleus, resulting in
location and identification of their sources (Sekanina & Lar-
son 1986). This makes studies of the dust features in the
coma an indispensable tool for probing the nature of
cometary nuclei.

Imaging of comets in the mid infrared (3-20 wm) is a
very useful method for studying the morphology and the
extent of the dust phenomena in the coma. The optical depth
in the mid IR is very low (~107%), which facilitates a
straightforward interpretation of such images. The 10 um
wavelength range is dominated by thermal radiation from the
dust itself and is sensitive to the dust distribution and its
physical properties. A few 10 um images of comets have
been acquired to date and have demonstrated the importance
of this wavelength range for an insight into cometary pro-
cesses (P/Giacobini-Zinner—Telesco ef al. 1986; P/Halley—
Campins et al. 1987; Hayward eral. 1987; new comet
Wilson—Campins eral. 1989; new comet Austin—
Fomenkova ef al. 1993). Analysis of these data has shown
that the images are consistent with the premise that the over-
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TaBLE 1. Observational parameters for Comet P/Swifi-Tuttle observations.

Sun-Comet

Date (UT) Airmass Nll:;bﬂ' R . Elongltion PhnscAngle projecﬁon ang]e’ R:si:i?:‘rm
(degrees)
1992 Nov 07.06-07.11 1.51-2.04 12 1.131 1.166 629 51.1 2204 702
1992 Nov 08.07-08.11 1.58-2.00 8 1.122 1.165 62.4 513 2212 701
1992 Nov 09.09-09.11 1.69-195 4 1.114 1.167 619 515 2219 703
1992 Nov 12.06-12.11 1.48-2.05 9 1.089 1.174 595 51.7 2239 707
1992 Nov 13.07-13.11 1.54-2.11 12 1.081 1179 554 517 2245 710
1991 Nov 14.06-14.11  1.47-2.18 14 1073 1.184 587 517 225.1 713
1992 Nov 15.06-1507  1.55-1.59 2 1.066 1.190 58.1 51.6 2257 716
15.08 1.66-1.71 2b
1509-1511  1.90-2.25 6
1992 Nov 17.05-17.12  1.44-251 18 1.052 1205 56.7 51.5 2268 725
1992 Nov 24.07-24.11 1.89-2.63 8 1.009 1279 515 494 2303 770
1992 Nov 26.07-26.11 1.80-2.85 10 0.998 1.305 499 48.5 2312 786
1992 Nov 28.05-28.11 1.68-3.11 15 0.989 1334 483 474 232.1 803
1992 Nov 29.05-29.10  1.67-2.77 11 0.985 1.349 415 46.9 2326 812
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a. Taken with a 4.8 filter.
b. Taken with an B. 7y filter.

all maximum activity takes place on the sunlit side of a ro-
tating nucleus. In dusty comets with jets, the ejection of dust
is restricted to a few discrete active areas representing only a
small fraction of the nuclear surface. These areas become
dormant when they rotate out of direct sunlight. A temporal
lag in sublimation due to thermal inertia also should be taken
into account when interpreting the diurnal evolution of the
coma.

In this paper we present 11-12 um images of comet
P/Swift-Tuttle obtained pre-perihelion with the UCSD
mid-IR astronomical camera. Comet P/Swift-Tuttle is a very
active comet with a period of about 130 yr. It is the parent
comet of the prominent Perseid meteor stream (Marsden
1973). Apparitions of this comet in the inner solar system
have been traced back to the years AD 188 and 68 BC (Yau
et al. 1994).

The observing run spanned the time period from 1992
November 7 (TAUC #5654) to November 28 with data taken
on 12 nights. We show an extended sequence of high-
resolution images revealing the distinctive outlines of promi-
nent features in the morphology of the coma. The temporal
evolution of these features is diagnostic of the nuclear rota-
tion. We also discuss how this rotation affects the activity of
the comet. For one of these nights, we have photometric data
obtained with the University of Minnesota (UM) infrared
photometer at the O’Brien 0.76 m telescope. These data are
used to derive the temperature of the dust, to estimate the
characteristic size of dust grains in the coma, and for com-
parison with other comets.

2. OBSERVATIONS

2.1 The Instrumentation

Infrared images of comet P/Swift-Tuttle were obtained
with the UCSD mid-IR camera (the “Golden Gopher”) on
the UCSD/UM 1.5 m telescope at the Mt. Lemmon Observ-
ing Facility. The telescope is optimized for observing in the
infrared. At 11 um, the image spatial resolution is diffraction
limited to AD~1.5 arcsec FWHM. The Golden Gopher

platescale of 0.83 arcsec/pixel samples the point spread func-
tion (PSF) with 2X2 pixels of the array. We used 64
columnsX16 rows of the Si:As IBC array, which spanned
53X 13 arcsec. On warm nights or when the humidity is high,
only a subset of the array can be used since the pixel satu-
ration time due to higher background becomes less than the

electronics readout time of 2.7 ms for a full frame. The cam-

era provides good sensitivity in the wavelength range from 5
to 27 um. At 11 um, the noise equivalent flux density is 40
mJy/arcsec2 in 1 min (including both on and off source time)
for a 1 um bandwidth. A detailed description of the instru-
ment and observing procedure can be found in Pina er al
(1993).

Photometry was carried out with the 15 filter multiaper-
ture infrared GaGe bolometer on the 0.76 m IR telescope of
the UM O’Brien Observatory. The bandpasses, calibration,
and operational characteristics of the photometer are de-
scribed by Ney (1974) and Hanner er al. (1990). Calibrations
for the silicate filters were obtained by interpolating the cali-
bration scales given by Gehrz et al. (1974, 1992).

2.2 The Infrared Images and Photometric Data

In November 1992, comet P/Swift-Tuttle was imaged at a
wavelength of 11-12 um during the 12 nights that weather
permitted observations. On each night, from 4 to 18 images
of the comet were acquired during 1-2 h of observing, the
total number of images being 124. Table 1 summarizes the
observing parameters and the Sun-comet-Earth geometry.
During the observing run, the heliocentric distance R varied
from 1.13 to 0.98 AU, and the geocentric distance A varied
from 1.17 to 1.35 AU, resulting in a linear resolution at the
comet of about 700800 km/pixel (Table 1) or 840-960 km/
arcsec. A typical chop throw between the sky and the object
images was 1 arcmin, which was sufficiently large to avoid
observable image contamination from a coma flux contribu-
tion in the reference beam.

If the dust in the coma is moving with velocity v,, then a
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FiG. 2. The 2 to 20 um energy distribution of P/Swift-Tuttle. A weak silicate
feature is superimposed on a smooth continuum caused by thermal emission
of small grains. The fitted blackbody curve yields the grain temperature of
360 K, which is 35% higher than the blackbody temperature at the helio-
centric distance of 1.09 AU.

crossing time required for the dust particles to cross the
minimal resolution element is:

r=@Alvy,

where ¢ is an angular resolution and A is the geocentric
distance. The crossing time defines an equivalent temporal
resolution of the comet emission variability available from
the images (Jewitt 1991). The terminal velocity v,,, of the
gas entraining dust grains into the coma can be estimated
from the Bobrovnikov—Delsemme relation (Delsemme
1982):

Ugas(km/s)=0.58R™V2(AU), (1)

R being the heliocentric distance. Assuming that
U 4/V gps~0.5-0.8 (Finson & Probstein 1968) the temporal
resolution is given by (Fomenkova et al. 1993):

7(h)=0.70¢(arcsec) A(AU)R!?(AU). 2

Typical values for comet Swift-Tuttle observations are:
¢=2x%0.83" (two-pixel minimal resolution element), R=1
AU, and A=1.2 AU. The resulting temporal resolution 71
h is comparable with the total observing time for each night,
but is smaller than characteristic outburst duration of 2-3 h
[as estimated by Sekanina (1981) for the previous apparition
of P/Swift-Tuttle]. The typical time interval ¢, between suc-
cessive images was 5—10 min, i.e., ty<€7. Thus, images ob-
tained on the same night were combined together to increase
the signal-to-noise ratio and to extend the spatial coverage
into the distant parts of the coma (Fig. 1, Plate 101).

The photometric measurements of the IR energy distribu-
tion of comet P/Swift-Tuttle were made on 1992 Nov 11.9-
12.0 UT through narrowband filters at various wavelengths
between 3.6 and 18.5 um (Fig. 2), including a number of
data points in the silicate emission band at 8-13 um. For
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these measurements, the beam size and chop throw between
the source and reference beams were 9 and 45 arcsec, respec-
tively. Corrections, as described by Gehrz & Ney (1992),
were made for a coma flux contribution to the reference
beam.

2.3 Flux Calibrations

For absolute flux calibration, we used the stars a Aql, B8
Peg, and a Tau. Calibrator images were obtained on each
night, usually right before and right after the cometary ob-
servations. The absolute stellar fluxes were taken from the
IRAS Point Source Catalog (PSC, 1988) with a quoted un-
certainty range of 4%-8% for flux measurement at each
wavelength. However, since the satellite data are not color
corrected and the /RAS bandpasses are much wider than our
filter bandpass of 1 um, a correction factor needs to be ap-
plied. This factor depends on the spectral index of the star in
question. The flux densities, f(A\g), quoted in the PSC for
Ao=12, 25, 60, and 100 wum, were derived assuming an in-
trinsic spectral index of —1:

FaO (o) =(N/Ng)™ L

or

F=f4(Ao) j o Fg(R )Ry dX

=7,(No) f (MAg)~'R, dX,

where F is the flux measured by a detector through a given
filter, and R, is the relative filter response (PSC, Table
I1.C.5). If the actual spectral dependence of flux is \™# then

F=100) [ SO0 Ry a0

=0 | Vo) 7PR, a,
and the actual color-corrected value of the flux density is

fo)=F,(ro)/K,

where the correction factor X equals

K=[I()\/X0)'BR,‘ d)\] /

This correction has a large effect (up to 50%) and yields the
true 12 um flux of the star.

For our calibration stars, the spectral index B was esti-
mated from the JRAS flux values at 12 and 25 um, assuming
an average error of 6% for each flux measurement:

FQ2)/(25)=(12/25)"".

IRAS spectra of those stars were checked in the IRAS Atlas of
Low-Resolution Spectra (Olnon et al. 1986) to make sure
that they are featureless. To obtain true calibration values for
our filter centered at 11.65 um, we applied an additional
small correction (with the same index B) to the color-
corrected flux densities f(12). The resulting fluxes for the

f()\/)\o)_le d)\]. (3)
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calibration stars are 24.2*1.5 Jy for o Aql, 286.1+23.2 Jy
for B Peg,' and 503.4+31.2 Jy for & Tau.

Overall errors in the flux calibration of the cometary im-
ages are due to (i) the intrinsic uncertainties in the IRAS
measurements, as given above, (ii) sky noise in the calibra-
tion star images, and (iii) airmass correction. Fluctuations in
the sky emission are essentially random, and, since the raw
sky flux is so large, the sky noise is very well described by a
Gaussian distribution. Therefore, the uncertainty in the total
flux in an aperture containing N pixels is equal to the average
sky noise per pixel multiplied by the square root of N. On
different nights, the sky noise contributes between 5% and
12% to the uncertainty in the raw flux measurement for im-
ages of a Aqgl, and about 1%-3% to the uncertainty in the
fluxes of B Peg and a Tau. These errors, root-sum-squared
with the errors in quoted JRAS fluxes given above, yield
uncertainties in the flux calibrations between 9% and 15%
for a Aql, 7%-11% for B Peg, and 5%-8% for a Tau.

To account for the atmospheric extinction, we used an
exponential decay approximation of the flux dependence on
the airmass. For each night, the calibration coefficients ob-
tained were plotted vs airmass on a log-linear scale. The
slope of a linear least-squares fit to these data points yields
an extinction coefficient a, which, on different nights, ranged
from 0.04 to 0.25 mag per airmass. The uncertainties in the
best-fit parameters of the airmass correction increase the er-
rors in the flux calibrations. (Usually, either the number of
calibration stars was too low or the airmass range covered by
them was too narrow to yield a tight fit.) The final uncertain-
ties in the flux calibration of cometary images are between
9% and 18%.

3. RESULTS
3.1 Overall Morphology and Rotation of the Nucleus

During its previous apparition in 1862, comet P/Swift-
Tuttle was notted for its spectacular activity and was exten-
sively observed [see Sekanina (1981) for the references]. The
comet exhibited the dynamical evolution of three types of
structures: jets, envelopes, and tail bands, indicating distinc-
tive dust phenomena. Based on drawings and micrometric
measurements of the jets made by the 19th century astrono-
mers, Sekanina (1981) derived a nuclear rotation period of
66.5 h and the obliquity of the orbit plane to the equator of
80°, i.e., the rotation axis is almost in the orbit plane. He
estimated that no more than 1% of the nucleus surface area
was active, located eight discrete emission spots, and in-
ferred a typical ejection duration of ~2-3 h for each of the
source regions. Based on orbital calculations, Yau et al.
(1994) noted a surprising absence of nongravitational pertur-
bations in the P/Swift-Tuttle motion over an interval of more
than two millennia. They suggested that either the comet has
a very large nucleus, more massive than typical cometary
nuclei, or that its emission pattern has been symmetric and
extremely stable during this period. We will show later that
oui data support the notion of a very large nucleus.

IThe error for 8 Peg is larger because this is an irregular variable with a flux
variation of 5% (Hanner 1994).
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Our infrared images cover the cometary activity on time
scales from hours to weeks. The highly variable night-to-
night activity of comet Swift-Tuttle is revealed in the coad-
ded images (Fig. 1). Overall consistency of the images with
an approximately 3 d period is immediately seen from the
data and was noted by a number of other observers (Jorda
et al. 1993; Feldman et al. 1993). To estimate the rotation
period more accurately, we sequenced the images vs rota-
tional phase assuming periods between 50 and 72 h. The
most consistent succession of jet development with time
(Fig. 3) is reconstructed for a period T of 67<T<68 h. A
period as long as 67 h, or as long as 68 h, changes the
sequence in an unacceptable way. Therefore, our best esti-
mate of the period is 7=67.5%0.4 h, which is slightly longer
than the average period of 66.5 h derived by Sekanina (1981)
from observations of the year 1862.

The sequence of images on Fig. 3 reveals that a drastic
change in the activity of P/Swift-Tuttle occurred between
Nov 17 and 24. Two dust jets are distinguishable in the
cometary images obtained between Nov 07 and 17. The first,
strongest jet J1 is apparent in the beginning of the period
(Nov 07): contours of constant brightness are elongated
westward. Tt rotates counterclockwise (Nov 13), and dies
away in the northwest direction by the middle of the rotation
period (Nov 08, 14, 17). In these images the outer contours,
determined by the pattern of earlier emission, are elongated
to the northwest, but the more recent innermost contours are
either circular, or elongated to the southwest. The images of
Nov 14 and 17 show that the second, weaker jet J2 becomes
active and is directed Sunward. This jet also rotates counter-
clockwise (Nov 09), and disappears (Nov 12). At the end of
the period (Nov 15) jet J1 is awakening again, pointing in the
sunward direction.

The pattern of emission from these two major active areas
is in good agreement with observations of gaseous species
CN, C,, and C; by Schulz et al. (1994) made on three nights
in the beginning of October 1992. They estimated that, as-
suming that the nucleus of P/Swift-Tuttle is in a state of
simple rotation, the two active areas producing gas jets are
separated by 130° on the surface of the nucleus. From the
measurements of dust continuum at 0.483 and 0.523 um
Schulz et al. (1994) also suggested that the gas and dust jets
in P/Swift-Tuttle are correlated in some way. Since our ob-
serving run took place a month later than theirs, we cannot
make a direct comparison of dust and gas emission. In our
images, the time interval between the onset of jets J2 and J1
is ~22.5 h, which gives a distance between the active areas
of 360°x (22.5 h67.5 h)=120°. This result is consistent
with the modeling by Sekanina (1981) based on the jet pat-
terns observed during the previous apparition of P/Swift-
Tuttle in 1862. He concluded that two most prominent emis-
sion areas A and B were separated by 120° in longitude in
cometocentric equatorial coordinates. The same areas may be
active during the 1992 apparition and responsible for corre-
lated gas and dust production!

But the surface of P/Swift-Tuttle is not frozen perma-
nently in the same, unchanging state. Images of Nov 24, 26,
28, and 29 show the presence of a new, very strong, third jet
J3. It is directed southward and has maximum activity in the
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FiG. 3. Images vs rotational phase for a nuclear rotation period of 67.5 h. The brightest pixel of each image is marked by a cross. Contours are drawn at 60%,
40%, 30%, 20%, and 10% level of the peak. The solid line through the brightest pixel of each image shows the sunward direction.

beginning of the last quarter of the period (Nov 26), when it
fully obscures the weaker jet J2. Then the activity of jet I3
decreases 5 h later (Nov 29), while jet J1 reappears. The
remnants of jet J3 are still seen in the beginning of the period
(Nov 24} where outer contours of the coma are slightly elon-
gated southward. The jet J3 is separated from jet J1 by ~29
h in time or by ~155° and may correspond to the active zone
C in the model by Sekanina (1981). In 1862, this zone be-
came and stayed active closer to the perihelion than zones A
and B,

The sudden activation of a new strong jet indicates that
the mechanical and morphological surface properties of
P/Swift-Tuttle are heterogeneous and evolve with time. Se-
kanina (1981) estimated that only about 1% of the surface
area of the P/Swift-Tuttle nucleus was active during its 1862
apparition. If the active areas responsible for the jets we
observed are indeed the same which were active in 1862,
then our observations give evidence of both diurnal and sea-
sonal variations in the activity of the comet. The closer to the
perihelion, i.e., to the cometary “summer,” the more areas
on the surface change from a dormant to an active state. In
Sekanina’s (1981) model of the 1862 activity of P/Swift-
Tuttle, the maximum number of active areas occurs right
after the perihelion passage, during the peak of the cometary
summer.

Alternatively, if the proximity of angular distances be-
tween the three active areas observed in the 1992 and in

1862 apparitions is a random coincidence, this would imply
that the upper crust on the surface of the nucleus is unstable
and subject to sudden openings of new crevices. Initiation of
such a new active area would expose the inner, unmodified
volatile-rich fresh material and result in a dramatic increase
in the mass loss rate (see further). Fracturing of the surface
may be caused by thermal stresses in cometary nuclei due to
steep temperature gradients in the surface layer (Tauber
& Kuhrt 1987). This explanation is also consistent with the
observed jet activation at close heliocentric distance R<1
AU.

3.2 Photometry and Comparison of Comet P/Swift-Tuttle
with Other Comets

Photometric data obtained on 1992 Nov. 12 were used to
estimate the coma temperature (Fig. 2). A blackbody fit to
the continuum emission (excluding the silicate band) yields a
coma temperature T',,,=360=10 K. The blackbody tempera-
ture at a given heliocentric distance R can be determined
from the energy balance between the power of absorbed so-
lar radiation and the power emitted by grains in the thermal
infrared:

'n'azQa(Ls“nM'rrRz) = 41ra2Q,0' obs®

where Q, and @, are the Planck mean absorption and emis-
sion coefficients, respectively, a is the average grain radius,
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FiG. 4. Comparison of P/Swift-Tuttle with other recent bright comets. The
data on superheat and silicate excess in other comets are from Gehrz & Ney
(1992).

Lg,,=3.826X10** erg/s is the solar Iluminosity, and
0=5.6696x10"° erg/cm?’deg* is the Stefan-Boltzmann
constant. Assuming Q,=Q,=1, the blackbody temperature
is

Tow (K)=(Lgu/167aR?)"4=2783R7!2 (AU). (4)

Following Gehrz & Ney (1992), we define the superheat of
cometary dust as

S=Tobs/Tbb=(Qa/Qe)“4- (5)

For the Nov 12 observations, R=1.09 AU, T,,=267 K,
§=1.35+0.04, and Q,<0.3<Q,. The high superheat is in-
dicative of small grains present in the coma. If the grains
were as large as, or larger than the wavelength of the emitted
radiation 10 wm, then their emissivity Q, would be close to
unity, and their temperature would be close to that of a black-
body [Eq. (4)]. The temperature has to rise above Ty, in
order for the grains to achieve radiative equilibrium.

The emission in the silicate band (the four points between
8.7 and 11.6 um) exceeds the continuum fit by an average of
0.34%0.15 mag. To compare the P/Swift-Tuttle dust compd—
nent with other comets, we used the data by Gehrz & Ney
(1992) (Fig. 4). The observed combination of the superheat
and silicate excess characterizes P/Swift-Tuttle as an IR Type
II comet.? Using calculations by Gilman (1974), as presented
in Fig. 5 of Gehrz & Ney (1992), we estimated the average
grain size a=0.7+0.1 um. This is consistent with P/Swift-
Tuttle classification as an IR Type II comet. For comet
P/Halley, similar calculations confirmed that, usually,
its coma was formed primarily by particles with radii of
0.5-1 pm,

*The classification of comets into IR Type I and II was introduced by Gehrz
et al. {1989). Type I comets have continuum emission with a low superheat,
weak or absent silicate features and Type I (ion) tails. Type Il comets have
10 and 20 um silicate emission features superimposed on a superheated
infrared continuum and prominent Type II (dust) tails. The observed differ-
ences between dust emission can be explained by different grain sizes: large
(5-10 um) particles in comets of IR Type I and small (0.5~1 um) particles
in comets of IR Type II
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3.3 Thermal Infrared Flux and the Mass Loss Rate

In the steady-state model approximation of cometary dust
emission, the dust production rate and the particle velocity
do not depend on time, and particles are isotropically emitted
from the nucleus. In this case, radial brightness decreases as
1/r with the distance from the nucleus. The total thermal
infrared flux Fyg in a square aperture is roughly proportional
to the mass loss rate M:

Fir=In(1+v2)(¢/A)(3Q,0TJ/4mpav )M,
or (6)
Fr(Wim?)=1.16X 1023 p(arcsec)/A(AU)]

X[ Tops(K)/a(am) p(g/cm)
X v 4(km/s)]M (kg/s),

where ¢ is the size of a square aperture, a is the average
grain size, p is the average density, and Q,=0.3. Obviously,
comet Swift-Tuttle was not in a steady state as nonisotropic
emission, temporal fluctuations in the dust production, and
pronounced jets are clearly seen in the images. Many other
parameters involved in these calculations are also very un-
certain: the actual dust grain size, velocity and density dis-
tributions, the dependence of Q, and T, on the particle size
and composition, etc. Most important is the dependence on
the assumed particle size distribution. A considerable amount
of the dust mass in the coma is in the form of large particles
(>100 um, McDonnel et al. 1991), which we do not detect
in 10 pm images (Campins et al. 1989). Therefore, we can
use the steady-state approximation only to obtain a rough
measure of the lower limit of the dust mass loss. This esti-
mate allows us a consistent study of short and long term
variations in the dust activity of P/Swift-Tuttle during our
observing run. Also, the dust production rate of other comets
is usually estimated with similar assumptions, which makes
the steady-state model a simple, but useful tool for compar-
ing the productivity of different comets.

The total thermal flux Fip can be estimated from our mea-
surements of the flux f,, in a 1 um wide filter centered on
11.65 pum as

12.15
Frr=S110T s /[ fms BN, Tops)d\ |, (7

where \ is the wavelength in um, and By,(A,Toys) is the
Planck energy distribution. Assuming that on all dates the
superheat of the cometary dust was the same as on Nov 12
(i.e., the temperature of the grains was 35% higher than the
blackbody temperature at the same heliocentric distance:
Tops=375.7 R™'"?), we find that Fijg=16.26 f|,. The mass
loss rate shown in Figs. 5(a) and 5(b) was calculated from (6)
for a=0.7 um, p=1.0 g/em, v,=0.46R™"2, and 0,=0.3.
Dust production in Fig. 5(a) varies approximately as
R7%3 which agrees very well with the heliocentric depen-
dence of the water production rate as derived by Hoban et al.
(1993) from a vast set of independent observations. This he-
liocentric dependence is much steeper than a typical for com-
ets R"2-R™* one (Gehrz & Ney 1992). The increment of
the mass loss rate at R<<1 AU is caused by the activation of
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FiG. 5. Dust mass loss rate of P/Swift-Tuttle. (a) Heliocentric dependence.
The heliocentric distance was decreasing with time. The dotted line is the
least squares approximation showing the R "% dependence of the dust mass
loss rate. (b) Rotational phase dependence. The sinusoidal curve is used as
the simplest periodic function. The width of each box is determined by the
angular size of the cormresponding image as follows from Eq. (2): the mass
loss rate obtained from our measurements is an average over this time in-
terval. The height of each box shows the error of measurement.

jet J3 during the week between November 17 and 24 {(cf.
Sec. 3.1). Emission from the new area increased the average
activity by a factor of 1.4. The overall activity is comparable
with that of P/Halley (=10% kg/s at R=1 AU) and is about an
order of magnitude higher than in other comets (Gehrz
& Ney 1992).

Day-to-day fluctuations in the mass loss rate [Fig. 5(b)]
are roughly consistent with the suggested rotation period of
67.5 h. On November 7-17, the dust production achieved
maximum when the jet J1 was active, and dropped to the
minimum during the intervals of the jet 12 activity. The dif-
ference between maximum and minimum dust production is
~40%, and similar variation in the water production was
found from IUE observations (Feldman efal. 1993). The
data presented by Schulz er al. (1994) show the following
day-to-day abundance variations of gaseous species: 25% for

ment confirms the hypothesis that, in contrast to comet

‘P/Halley, the gas and dust jets in comet P/Swift-Tuttle are

correlated. Remarkably, Feldman eral observed a clear
maximum in the water production on Nov 4. That is one
rotation period earlier than our first observation of Nov 7,
and, in accordance with the rotational dependence presented
in Fig. 5(b), activity peaks at this rotational phase.

3.4 The Size of the Nucleus

Sudden activation of strong jets evidently contradicts the
suggestion of a uniquely stable and symmetric pattern of
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emission of P/Swift-Tuttle made by Yau et al. (1994). Se-
kanina (1981) also inferred from his model calculations that
different areas had been active during different rotations of
the nucleus, the total number of active areas being up to
eight. We consider the alternative hypothesis by Yau et al.
(1994): that a surprising absence of nongravitational pertur-
bations in the orbital motion of this comet is due to a very
large nucleus.

High-resolution infrared imaging gives us a key to direct
observations of cometary nuclei even for highly active,
Halley-type comets near perihelion. Consider an ideal “unit”
comet producing M = 10° kg/s of dust® in 1um size particles
of the density p=1 g/cm® at R=A=1 AU. In accordance
with Eq. (1), the velocity of dust grains is v,=0.5 km/s, and,
with a superheat of 1.35, the temperature of grains is 376 K.
From Eq. (6) we estimate that the infrared flux of such a
comet observed in a 1 arcsec square aperture equals:
I=4.6x10""2 W/m®.

Suppose that the nucleus of the unit comet has an average
radius x km (with a corresponding surface area of 4 7x? km?)
and radiates as a point source at a blackbody temperature
T,=278 K. The resulting infrared flux is given by

C=0Ty,(x/A)?,
or
C(W/m?)=2.534X 10~ T}, (K)x*(km). ®)

For x=10 km, C equals to 1.5X 10712 Wim?, implying that
the contribution from the nucleus to the central brightest
pixel is at least comparable with the flux from the dust. Note
that the smaller the size of the central pixel (that is the higher
the angular resolution), the larger is the relative contribution
of the nucleus flux.

In real.images, however, the point source flux becomes
spread out over some finite area described by the point
spread function (PSF) of the instrument. Approximating our
PSF with a Gaussian radial profile, PSF=( 1278%)
exp(— r2/2§), the contribution of the point source flux to the
central pixel is reduced and given by

CPSFS ClR2ao 52,

where & is determined by the full-width half maximum
(FWHM) of the PSF as

8?=FWHM?/8 In 2

for a Gaussian approximation of the PSF. Computer model-
ing was applied to convolve the sum of the 1/r dust contri-
bution and the point source contribution from the nucleus
with the instrumental PSF. The FWHM was estimated for
each night from the calibration star images. The ratio of the
nuclear flux C to the dust flux in the central pixel was used
as a free parameter in the model. Values of C obtained from
the best fit between the model and experimental radial
brightness profiles yield an average nucleus radius of x=(15
*3) km. This result is consistent with photometric measure-

3This value of M is close to the average mass loss rate in P/Halley at | AU
and is about an order of magnitude higher than in most comets (Gehrz
& Ney 1992).
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ments by Williams who suggested that P/Swift-Tuttle
nucleus should be at least 24 km across [reported in News
Notes, Sky and Telescope 89(1), 1995, page 13]. For com-
parison, the dimensions of the elongated comet P/Halley
nucleus are (15.3X7.2X7.22) km, thus giving an average
radius of 4.8 km (Szego 1991).

We estimate that for the same density, the nucleus of
P/Swift-Tuttle would be ~34 times more massive than the
nucleus of P/Halley. Hughes & McBride (1989) showed that
the mass of a meteor stream is proportional to the mass of its
parent comet multiplied by its dust-to-gas mass ratio. The
" mass of the meteor stream Perseid associated with P/Swift-
Tuttle is (46+5)x10'? kg and the average mass of the me-
teor stream Orionid/Eta Aquarid associated with P/Halley is
(1.5+0.4)x10'? kg (Jenniskens 1994). Assuming the same
dust-to-gas mass ratio in P/Halley and P/Swift-Tuttle, the
ratio of masses of their meteor streams is 31, which is in
excellent agreement with our result.

4, SUMMARY

Comet P/Swift-Tuttle at the heliocentric distance of 1 AU
was one of the most active periodic comets after P/Halley
and it demonstrated “Halley-type” behavior in some other
respects too. Both P/Halley and P/Swift-Tuttle are old
evolved comets having retrograde orbits (inclination >90°).
Their comae are dominated by small (~1 um) particles. Im-
ages of both comets were consistent with the presence of
anisotropic flows of ejecta emanating from discrete active
regions (vents) on the rotating cometary nucleus. Moreover,
it was suggested that the same vents have remained active
since their previous apparitions in 1910 for P/Halley
(Rabinowitz 1988) and in 1862 for P/Swift-Tuttle (Schulz
et al. 1994; this work). This hypothesis, if true, implies a
certain degree of stability and, hence, might be used to infer
the physical strength of the upper crust on the nuclei of old
evolved periodic comets. Future missions landing on the sur-
face of a cometary nucleus would shed more light on this
problem.

The activity of individual vents seems to remain stable
from one apparition to another, but responds to the diurnal
cycle and is affected by seasonal variations. To be fully ad-
dressed in the future, it requires a long series of observations
of a comet which would provide comprehensive information
on day-to-day temporal evolution of cometary activity pre-
and post-perihelion. Our observations of P/Swift-Tuttle, as
well as the interpretation of the 1862 observations by Se-
kanina (1981), show that the number of active areas tends to
increase closer to perihelion. In our case, there were two
sources of jets on November 07-17, and the third vent be-
came active in the images on November 24-29. The mass
loss rate depended on the heliocentric distance as R™%3. The
initiation of strong emission from the new area increased the
average mass loss rate by a factor of 1.4. From periodic
changes in the jet pattern we determined the rotation period
of P/Swift-Tuttle of 67.5+0.4 h. The dust production varied
by ~40% with rotational phase.

In contrast to P/Halley, the dust and gas jets appear to be
correlated in P/Swift-Tuttle. Observations of both comets
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give rise 1o speculations about possible heterogeneity of their
nuclei (Mumma et al. 1990; Fomenkova & Chang 1993;
Hoban et al. 1993), but there is not enough data to draw
more certain conclusions.

The radial brightness profiles calculated for the mid-
infrared images of P/Swift-Tuttle are consistent with the
presence of a large nucleus, which contributes a non-
negligible *hermal infrared flux to the central part of each
image. We estimated the radius of the nucleus to be 153
km. If the densities of the two nuclei are equal, the nucleus
of P/Swift-Tuttle is ~34 times more massive than the
nucleus of P/Halley. This may provide an explanation of the
absence of nongravitational perturbations in the motion of
comet P/Swift-Tuttle.

We suggest that the differences in the general morphology
of comae of new and old comets combined with the differ-
ences in the dust grain size distributions may be the principal
physical parameters correlated with the dynamical age of
comets. For example, images of dynamically new comet
Austin (1989¢1=1990V) obtained with the same UCSD
camera did not reveal significant dust structures in the mor-
phology of the coma, although the resolution was higher,
<300 km per pixel (Fomenkova et al. 1993). Either the dust
emission was more or less uniform from the whole nucleus
(with a slight prevalence on the sunlit side), or the dust
grains were ejected in a large number of microjets indistin-
guishable as separate events from ground-based observa-
tions, The long history of apparitions in the inner solar sys-
tem causes forrnation of a thick dusty mantle, possibly glued
together by complex nonvolatile organics, on most of the
surface of a comet (Brin & Mendis 1979). Such an impen-
etrable crust constraints the activity to a few active areas
which are, probably, crevices reaching deeper volatile-rich
layers. It effectively decreases and may be even completely
prevents the dust emission from the rest of the surface. This
scenario implies that the particle size distributions may be
different in old and new comets. The coma of new comet
Austin was dominated by larger particles (10 xm) with the
size distribution f(a)~a_' (Lisse 1992), while the coma of
P/Halley contained a larger fraction of small particles (0.5-1
um) with the size distribution f(a)~a'3'7 (McDonnell
etal. 1991). The photometric measurements of P/Swift-
Tuttle indicate that the average size of dust grains in its coma
is ~0.7 um. A detailed modeling of dust emission processes
in P/Swift-Tuttle to determine better its grain size distribu-
tion is a subject of our future work.
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A close examination of the 0.7- to 23-um infrared data base
acquired by Gehrz and Ney (1992, Icarus 100, 162-186) suggests
that the nucleus of Comet P/Halley 1986 III emitted a burst of
small dust grains during a 3-day period commencing within hours
of perihelion passage on 1986 February 9.46 UT. The outburst
was characterized by significant increases in the coma’s grain color
temperature T, temperature excess (superheat: S = T,,/Tgg),
infrared luminosity, albedo, and 10-um silicate emission feature
strength. These changes are all consistent with the sudden ejection
from the nucleus of a cloud of grains with radii of approximately
0.5 pm. This outburst may have produced the dust that was
responsible for some of the tail streamers photographed on 1986
February 22 UT. The peak of the dust outburst occurred about 3
days before a pronounced increase in the water production rate
measured by the Pioneer Venus Orbiter Ultraviolet Spectrometer,
We suggest that jets that release large quantities of small particles
may be largely responsible for some of the variable infrared behav-
ior that has been reported for P/Halley and other comets during
the past two decades. Such jets may also account for some of the
differences between IR Type I and IR Type II comets.
Academic Press, Inc.

I. INTRODUCTION

During its 1985-1986 apparition, Comet P/Halley 1986
IIT was studied extensively in the infrared by many ob-
servers who found it to be highly variable in several im-
portant ways (Tokunaga et al. 1986, 1988, Gehrz and
Ney 1986, 1992, Hanner et al. 1987, Hanner 1988 and

! Present address: Science Department, Breck Middle School, 123
Ottawa Avenue, North, Minneapolis, MN 55422, ) o

% Present address: Science Department, Southwest Jr. High School,
Southwest Highway 169, Albert Lea, MN 55607.

© 1995 |

references therein). Among the parameters that appeared
to vary significantly on short time scales were the coma’s
infrared luminosity, grain temperature, albedo, and 10-um
silicate emission feature characteristics. We have recently
reexamined the data base acquired by Gehrz and Ney
(1992; Paper 1 hereafter) to look for systematic infrared
variability in P/Halley during perihelion passage when the
nucleus should have been the most active. In this paper,
we report new evidence that the nucleus of P/Halley
ejected a cloud of small grains during its February 1986
perihelion passage.

II. DATA DESCRIBING THE PERIHELION OUTBURST

In Paper 1 (Tables I-III), we reported the results of
broadband optical/infrared photometry of Comet P/Hal-
ley 1986 III from 0.7 to 23 um obtained between 1985
December 12 UT and 1986 May 6 UT using the University
of Minnesota O'Brien 0.76-m telescope, the Wyoming
Infrared Observatory 2.34-m telescope, and the Univer-
sity of Minnesota/University of California at San Diego
Mount Lemmon Observing Facility 1.52-m telescope.

We recently digitized this data base using the TriMetrix,
Inc. AXUM Technical Graphics and Data Analysis soft-
ware to facilitate a detailed examination of the transient
activity seen in the infrared and to expedite the compari-
son of our data with other data bases. An immediate
product of this effort was our rediscovery of a pronounced
short-lived outburst from P/Halley’s nucleus during 1986
February 9-13 UT. Figure 1 shows the temporal evolution
of six fundamental physical parameters, the first five of
which are derived from the data in Paper I, that character-
ize this perihelion outburst as a function of time. Time is
plotted in days from perihelion passage where t = 0 =
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FIG. 1. Physncai parameters characterizing the temporal development of the perihelion outburst of Comet P/Halley plotted as a function of

days from perihelion passage (¢ = 0): (a) grain color temperature T; in K; (b) temperature excess, or superheat §; (c) strength of the 10-um silicate
emission feature relative to the continuum in magnitudes AMy,; (d) grain albedo A; (e) total infrared flux L(IR) emitted by the coma into a 20"
circular diaphragm corrected for r and A; and (f) water production rate as observed by the Pioneer Venus spacecraft (open circles, data from
Stewart 1987) compared with grain color temperature. The solid line labeled Tpg in (a) shows the expected temporal evolution of the temperature
of black grains as a function of the heliocentric distance r during the epoch of the observations. The fluxes in (¢) were normalized to a 20"
diaphragm and corrected for emission into the reference beam, r, and A as described in the text.

1986 February 9.4590 UT. The parameters are the grain
color temperature T, in K (Fig. 1a), the temperature ex-
cess as defined by the superheat S (Fig. 1b), the strength
of the 10-um silicate emission feature relative to the con-
tinuum in magnitudes AM,, (Fig. Ic), the albedo A of
the coma (Fig. 1d), the total apparent infrared luminosity
L(IR) emitted by the coma into a 20" circular diaphragm
normalized to a heliocentric distance r = 1 AU and a
geocentric distance A = 1 AU (Fig. le), and the water
production rate recorded by the Pioneer Venus spacecraft
(Stewart 1987) compared with T, (Fig. 1f). The fluxes
given in Fig. le were scaled to a 20" diaphragm, corrected

for coma emission into the reference beam, and normal-
ized to r = A = 1 AU using the standard coma emission
model described in the Paper I.

It is evident from Fig. 1 that a pronounced outburst
commenced within hours of 7 = 0 and persisted for about
3 days thereafter. Activity of the nucleus appears to have
returned to the preoutburst level by ¢ = +5 days. We refer
to this large outburst hereafter as the ‘‘primary outburst.”’
There is evidence for a smaller secondary outburst around
t = +18 days.

Table I summarizes the physical characteristics of the
coma during the midpoint of the primary outburst and
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TABLE I
Physical Parameters of the Coma during
the Perihelion Outburst

Pre/Post Midpoint of the
Parameter Outburst primary outburst
r 0.59 AU 0.59 AU
A 1.52 AU 1.52 AU
Color temperature 420 K 510K
Superheat 1.16 1.41
AMy 0.35 0.85
Albedo A 0.16 0.22

6 x 100" Wcm™?
1.2 x 10* mol sec™!
IRIT

=1 um

22 % 107 Wcem™?
1.7 % 10* mol sec™!
IRII

=0.5 um

Apparent luminosity
Water production rate
IR spectrum type
Grain radius a

during the pre/post-outburst ‘‘quiescent’” period. During
this outburst, the color temperature, superheat, 10-um
silicate emission feature strength, albedo, luminosity, and
water production rate were all elevated with respect to
the quiescent values. We argue in the discussion below
that the elevations of the first five of these parameters
strongly suggest that the primary outburst was character-
ized by the release of a burst of small grains. The second-
ary outburst appears to have been similar in this respect.

ITTI. DISCUSSION

Consideration of the arguments we presented in Paper
I leads us to conclude that the elevations in the color
temperature, superheat, 10-um silicate emission strength,
albedo, and apparent luminosity of P/Halley’s coma dur-
ing the primary outburst were caused by the release of a
significant quantity of small grains with radii a < 0.5 um.
These physical parameters measure the properties of the
optically important grains, and we have shown in Paper
I that the mathematical characterization of these parame-
ters is particularly straightforward when the grain radius
distribution is assumed to be a power law. Observational
evidence favors this assumption. Dust impact measure-
ments from the Giotto spacecraft indicate that the differ-
ential particle mass distribution in the coma of P/Halley
followed a power law (McDonnell et al. 1987), and Han-
ner ef al. (1985a,b) found that power law grain size distri-
butions enabled them to construct good model fits to the
observed thermal energy distributions of other comets.

Jewitt and Meech (1986) and Jewitt (1991) showed that a
power law of the form n(a) da = Ka™™ da, where m lies

between 3 and 4.5, can be used to compute the effective
grain radius a for the optically important grains in typical

comets. We assume in the discussion that follows that

the grain radius measured by the infrared emission is the

131

optically weighted mean defined for such a power law
distribution.

The elevated color temperature T, and the superheat
S of the coma of P/Halley during the primary outburst
strongly suggest that there was a sudden emission of a
burst of relatively small dust grains from the comet nu-
cleus. Following the arguments outlined in Paper I, we
define the temperature excess or superheat S as

T Q 1/4
§ = =obs — [__“] , 1
Tos L0, o
where
_ Lg 14 278
Tpp = |:167rcrr2] B WA )

is the temperature expected for a perfectly conducting
black sphere at the heliocentric distance r, (in AU),
T, = TpplQ./Q.1" is the observed color temperature of
the coma, Q, is the absorption efficiency of the grain
averaged over the solar spectrum, and Q, is the thermal
emission efficiency of the grain at T,,,. Thus, T, and §
measure the fourth root of the ratio of @, to Q,, which is
approximately unity for large grains, and becomes larger
as the grain size decreases. § is a particularly useful pa-
rameter for evaluating temperature fluctuations due to
grain size and composition because it eliminates to first
order the [r,]7"? dependence of the grain temperature
upon heliocentric distance. For very small grains where
2mra/\ < 1, Q,/Q. > 1, and the grains are significantly
superheated. In Paper I (see Paper I, Fig. 5), we examined
in detail the parameter space relating § and a. We con-
clude from that analysis and the data in Table I that the
optically important grains expelled during the primary
perihelion outburst of P/Halley had mean radii of a = 0.5
um and that the mean grain radius in the coma during
the quiescent pre/postoutburst phase was =1 um. Rises
in Ty, and § also characterize the second outburst at
t = +18 days, suggesting that this episode also was char-
acterized by the emission of small grains.

The behavior of the 10-um silicate emission feature was
also consistent with the hypothesis that the small grains
dominated the infrared emission from coma of P/Halley
during the primary and secondary outbursts. In Paper 1
(see Table IV and Fig. 6), we showed that there is a strong
correlation between S and the silicate emission excess for
a number of comets and concluded that this behavior was
consistent with the hypothesis that the strength of the
silicate emission feature increases as grain size decreases.
As shown in Fig. Ic, the emission feature was nearly a
factor of two stronger relative to the continuum during
the peak of the primary outburst than it was before and
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after the outburst. We note that during quiescence before
and between outbursts, the silicate feature was small and
P/Halley had the energy distribution of an IR Type I
comet. The optically important grains in the comae of IR
Type I comets appear to have radii of =1 um (see Paper
I). The 10-um emission feature was particularly weak on
1986 January 26.8 (+ = —13.6) UT and 1986 February
14.67 UT (¢ = 5.21). During outburst, the values of §
and AM,, were consistent with the behavior of the most
extreme IR Type II comets such as Bennet 19691 (see
Maas et al. 1970). The thermal infrared coma emission in
IR Type II comets is produced primarily by grains with
radii a =< 0.5 um (see Paper I).

Figure 1d shows that the grain albedo A was about
50% higher during both the primary and the secondary
outbursts than the albedo during the quiescent phase be-
tween the bursts. A straightforward argument shows that
this increase is consistent with the interpretation that
small grains were ejected in the outburst. We showed in
Paper I that the bolometric albedo A(6) as a function of
scattering angle @ given by the integrated scattered and
emitted energy distributions is

) = 1O

T+70)’ 3

where

- fws(e) — [)‘fA(ViS’ o)lmax
flR(e) [)\fk(IR» 0)]max

f(6) 4

and f,;(0) and f 3 (9) are the integrated apparent intensities
in the scattered and thermal energy distributions of the
coma, respectively, for the scattering angle 6. During the
period from ¢ = —20 days to ¢t = +30 days, 6 decreased
from 166° to 118°. These scattering angles are in the side-
scattering regime where the scattering phase function of
comet dust is essentially flat (see Paper I, Fig. 8), and the
albedo for a coma in which the grains are not varying in
size and composition will be nearly constant such that
A(8) = A. Therefore, we conclude that the variations in
A for P/Halley that occurred during the outbursts repre-
sented actual changes in the mineral composition and/or
the size distribution of the coma grains. Since f(8) < 1
for all the measurements in question here, A(f) =~
f(0) ® Quu/Q.. As grain size decreases, the emission
cross section Q. decreases rapidly compared to the scat-
tering cross section Q... (see Gilman 1974). Therefore,
f(8) for the coma will increase as the optically important
grains decrease in size. We conclude that the increase in
A seen during the outbursts near perihelion in Comet
P/Halley can be explained entirely by the dominance of
the thermal infrared emission by small grains in the
ejected material.
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The increase in the infrared luminosity L(IR) during
the primary outburst is generally consistent with an in-
crease in the mass loss rate of solids with respect to the
quiescent value. We note that the total IR luminosity rose
again during the secondary outburst. In paper I we showed
that for small silicate grains where the emission efficiency
is proportional to the grain radius a (Gilman 1974), the
apparent infrared intensity of the coma is directly propor-
tional to the total mass M, of the grains,

fo(IR) A—Jaﬁ ®)
rtA

where M, is the total mass of the coma in grains and ¢
is the diameter of the beam used to observe the coma. We
conclude that the increase in infrared luminosity during
outbursts is caused by increased mass loss. A remarkable
aspect of the primary outburst is that it immediately pre-
ceded a pronounced increase in the water production
rate observed by the Pioneer Venus spacecraft (Fig. 1f).
Since the Pioneer Venus had a field of view of about 1°,
and the travel time across the field for outflowing water
molecules is many days, the =3-day phase lag between
the infrared outburst, which was observed in a beam ~200
times smaller, and the increase in water production is not
unexpected. We suggest that the primary outburst seen
in the infrared commencing at t = 0 marked the onset of
the increased water production rate which reached its
peak value on Day 3 as seen by Pioneer Venus. Both the
water production rate and the IR luminosity remained
high for =30 days following perihelion. Green and Morris
(1987) found that the integrated visible magnitude of
P/Halley’s coma varied asymmetrically with respect to
perihelion passage, with the comet being significantly
brighter for ¢ > 0.

Our observation of outburst activity from the nucleus
of P/Halley is consistent with the interpretation that the
infrared variations in P/Halley result from rotation of
the nucleus presenting active and passive surfaces to
the Sun. Both Giotto images (Keller et al. 1986) and the
groundbased 10-um infrared images made during the
Giotto passage by Hayward et al. (1986) suggest the pres-
ence of localized active jets on P/Halley’s nucleus which
could account for such behavior. Sekanina (1986) and
Sekanina and Larson (1986) presented a photographic im-

“age of P/Halley taken on 1986 February 22 UT that shows

multiple tail streamers. Sekanina’s analysis of these struc-
tures suggested that they may have resulted from out-
bursts from discrete dust sources on the nucleus during
the period from r = —11.0 = 0.2 daystor = +3.2 = 0.1
days, including events at £ = +0.3 £ 0.2 days and ¢ =
+0.9 = 0.2 days. It seems reasonable to conclude that
the primary infrared outburst we report here was associ-
ated with the production of the dust in some of the stream-
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ers that were eventually observed on 1986 February 22
UT. The physical properties of P/Halley’s perihelion out-
burst are similar to those of the comae of IR Type II
comets, suggesting that at least some of these comets
may be characterized by persistent outburst activity as
compared to IR Type I comets where the outburst activity
may be low.

IV. CONCLUSIONS

We find that the nucleus of Comet P/Halley 1986 III
emitted a large burst of small dust grains during a 3-day
period commencing within hours of perihelion passage on
1986 February 9.46 UT. The outburst was characterized
by significant increases in the coma’s grain color tempera-
ture, superheat, 10-um silicate emission feature strength,
albedo, and infrared luminosity. These changes are all
consistent with the sudden ejection from the nucleus of
a cloud, or jet, of grains with radii smaller than a =0.5
um. This outburst may have produced the dust that was
responsible for some of the tail-streamers photographed
on 1986 February 22 UT. The peak of the dust outburst
occurred about 3 days before a pronounced increase in
the water production rate measured by the Pioneer Venus
Orbiter Ultraviolet Spectrometer. A secondary outburst
with similar infrared characteristics occurred about 18
days after perihelion passage. We suggest that jets that
release large quantities of small particles may be largely
responsible for some of the variable infrared behavior that
has been reported for P/Halley and other comets during
the past two decades. Such jets may also account for
some of the differences between IR Type I and IR Type
1I comets.
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We report postperihelion imaging of the dynamically new Comet
Austin (1989c1 = 1990V) obtained with the UCSD mid-infrared
astronomical camera (the “Golden Gopher’”) during five nights in
May 1990. The 64 x 16 array format of the camera covered 53
x 13 arcsec of the sky. The images were taken through a wide
9. to 12-um filter and a narrower 8- to 9-um filter. During the
observing run, the heliocentric distances ranged from 0.8 to 0.9
AU and the geocentric distance ranged from 0.5 to 0.4 AU. The
inner (16 x 4) x 10° km of the coma was sampled with a linear
resolution of 290-220 km per pixel. The images obtained on the
same night looked similar and were combined together to enhance
the signal-to-noise ratio in the coadded images. No jet- or shell-
like structures are observed. The coma is slightly elongated along
the projected Sun—Comet direction, but there is no systematically
higher intensity sunward over anti-sunward. Radial brightness
profiles correspond to the steady-state model approximation of r~!
up to an angular distance of 4-5 arcsec (1-1.5 x 10° km) from
the nucleus but steepen to r~!-% at larger distances. This is consis-
tent with the presence of fading grains in the close vicinity of
the cometary nucleus. The thermal infrared flux measured in the
images decreasesasR~ 5.5 with the heliocentric distance, suggesting
a R ~? dependence of the dust production rate. The estimated mass
loss rate was 1 X 10° g/sec on May 6 and 5.7 X 10° g/sec on May
12, giving a dust-to-gas ratio of 0.25. A map of the spatial behavior
of the silicate emission in the coma was generated by comparison
of the images obtained on May 12 through the two different filters.
This shows a peak in the sunward direction at a distance of
1.5-2 x 10% km from the nucleus. The results presented here are
the first application of the Golden Gopher camera in cometary
research and they demonstrate the potential of mid-infrared array
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technology, enabling further insight into the nature, properties,
and evolution of comets. © 1993 Academic Press, Tnc.

INTRODUCTION

Comets occupy a special place in the study of the
cosmic history of the Solar System because they are
believed to be the most primitive, least altered objects
in the Solar System and contain volatile material from
gold regions of the protosolar nebula and remnants of
preserved interstellar material (Delsemme 1991). Comets
also bear evidence of their own formation and evolution
as building blocks of planetary material, thus providing
information about the processes of the Solar System’s
formation.

Two-dimensional imaging at visible wavelengths (0.4-1
pm) and infrared photometry (1-1000 um) have proven
to be very useful tools for studying comets (e.g., reviews
by Jewitt 1991, Hanner 1988). Mid-infrared imaging (3-20
um) is a relatively new technique (Telesco et al. 1986,
Campins et al. 1987, 1989, Klavetter and Hoban 1992)
which combines many of the advantages of both visible
imaging and single detector infrared photometry (Hanner
and Tokunaga 1991).

In the thermal IR the optical depth of cometary emission
is very low (typically 10~%). Mid-infrared imaging shows
the morphology of structures in the coma which is directly
related to the characteristics of the cometary nucleus. For

0019-1035/93 §5.00
Copyright © 1993 by Academic Press, Inc.
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example, periodicity in the dust activity of a comet can
be caused either by the rotation of active spots on the
surface into sunlight or by different cross sections of an
elongated rotating nucleus with uniform surface charac-
teristics. The first scenario is more plausible for old
evolved comets, and the second one for dynamically new
comets. However, it is not yet known if a permanent
nonvolatile crust over the nuclear surface can develop
before the comet enters the inner Solar System (Weissman
and Stern 1989). Comparative studies of the dust morphol-
ogy in the comae of old and new comets can shed light
on this problem.

Infrared imaging provides spatially resolved informa-
tion about the temperature, size, physical properties,
and composition of dust particles in the coma. Both
remote (e.g., Chyba et al. 1989) and in situ (e.g.,
Fomenkova et al. 1992) measurements show cometary
dust grains to be mixtures of silicates and organic
material. They may represent preserved interstellar
grains (Greenberg and Hage 1990), thus giving an oppor-
tunity to study this exotic material at close range when
comets eject dust and gas into the inner Solar System
during their passage near the Sun. At the same time,
there is considerable evidence of complex transforma-
tions of dust in coma after ejection from the nucleus
(e.g., extended sources of gaseous species—A'Hearn
et al. 1986, Eberhardt er al. 1987, changes in the size
spectrum of dust particles with the distance from the
nucleus—McDonnell ef al. 1986, steep surface bright-
ness profiles in images of comets—Jewitt and Meech
1987). Spatial and compositional variations in the coma
can be caused by (a) intrinsic heterogeneity of the
cometary nucleus (possibly due to primary heterogeneity
in the protosolar nebula, Fomenkova er al. 1993), (b)
reworking and restructuring of cometary material after
its accretion (crust/mantle formation, Houpis et al. 1985,
Weissman 1986), and (c) disintegration or alteration
of dust grains in the coma during the approach of a
comet to the Sun (e.g., Mendis 1991, Fomenkova and
Chang 1993). Remote observations of signatures of dust
grains ejected from the nucleus may help to under-
stand the influence and appearance of these processes
in comets.

In this paper we present the first results of cometary
work with the UCSD mid-IR astronomical camera. Fif-
teen images of the dynamically new Comet C/Austin
1989cl = 1990V were obtained postperihelion in May
1990 (Rand et al. 1990) with a broad 9 to 12-um and
narrower 8- to 9-um filter. We discuss the interpretation
of the data in the context of the issues outlined above and
compare our results with imaging of Comets C/Wilson
1987VII (Campins et al. 1989) and C/Levy 1990XX
(Weaver et al. 1992).

FOMENKOVA ET AL.

OBSERVATIONS

The Instrument

The UCSD mid-infrared camera, known as the ‘‘Golden
Gopher,’’ uses a GenCorp Aerojet 64 x 20 element Si: As
Impurity Band Conduction (IBC) array bonded to a direct
readout MOS-FET multiplexer. The optics are gold-
coated reflecting surfaces at liquid helium temperature
and the array is operated at 10 K. A blocking filter at the
Lyot stop defines the wavelength bandpass. The camera
provides good sensitivity from 5 to 27 um with typical
sensitivity of 25 mJy/arcsec? at 10 wm using a 1-um band-
width for S/N = 1in I min. The platescale is 0.83 arcsec/
pixel with the 64 columns X 16 rows of the array in use,
spanning 53 X 13 arcsec. A detailed description of the
camera is given by Pifia er al. (1993). The characteristics
of this infrared camera (e.g., its spatial resolution and
sensitivity) make its capabilities similar to those achieved
for visible wavelength instrumentation and enable us to
apply the data reduction techniques previously developed
for optical wavelengths.

The data present in this paper were obtained with the
Golden Gopher at the Mt. Lemmon Observing Facility
(9000 feet, 30 miles north of Tucson, AZ) using the 1.5-
m telescope operated jointly by the University of Califor-
nia San Diego and the University of Minnesota. The tele-
scope is optimized for IR work and uses a standard
thermal infrared observation sky-referencing technique
(chopping the secondary mirror at 10 Hz and nodding the
telescope every 20 sec—see Pifia ef al. (1993)) to subtract
sky and telescope background. The image spatial resolu-
tion is limited by diffraction to A/D ~ 1.5 arcsec FWHM
at 10 um which is Nyquist sampled by two pixels at the
given platescale.

The Infrared Images

The dynamically new Comet Austin (1989¢c1 = 1990V)
was discovered at a heliocentric distance of 2.4 AU 4
months before its perihelion passage. Fifteen postperihe-
lion images of the comet with a broad 9- to 12-um and a
narrower 8- to 9-um filter were acquired during five nights
in May 1990 (Rand et al. 1990). Table I summarizes the
observing parameters and the Sun-C/Austin-Earth ge-
ometry. During the observing run, the heliocentric dis-
tance varied from 0.76 to 0.90 AU and the geocentric
distance varied from 0.48 to 0.36 AU, resulting in a linear
resolution at the comet of 290-220 km/pixel or 350-260
km/arcsec (Table I). The projection of the sunward direc-
tion onto the sky plane is shown in Figs. la-1f, where
the solid line indicates the sunward direction.

Both the chop and the nod throw were 45 arcsec for
all images. Given the exposure time of ~5 min the mean
surface brightness at the reference position is below the
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TABLE 1
Parameters of Comet Austin Observations
Sun-comet
Phase projection angle,
Air Filter R A Elongation angle North-to-East Linear resolution
Date (UT) mass (um) (AU) (AU) (degrees) (degrees) (degrees) (km/pixel)

1 1990 May 05.51 9-12 0.758 0.479 46.0 106.9 101.35 288

2 1990 May 05.53

3 1990 May 06.49 1.05 9-12 0.779 0.461 479 106.0 98.76 277

4 1990 May 06.51 1.15

5 1990 May 06.52 1.30

6 1990 May 06.53 1.50

7 1990 May 08.48 1.05 9-12 0.820 0.427 52.1 103.6 93.77 257

8 1990 May 08.50 1.15

9 1950 May 08.51 1.30
10 1990 May 08.53 1.52
11 1990 May 11.49 9-12 0.880 0.377 59.4 98.9 86.58 227
12 1990 May 11.52
13 1990 May 12.45 1.01 9-12 0.900 0.362 62.1 97.1 84.33 218
14 1990 May 12.47 1.05 8-9
15 1990 May 12.50 1.15 8-9

sensitivity of the camera and, hence, we do not expect
this method of sky subtraction to bias our results.

The primary data reduction included a few technical
operations which are basically the same for all images
obtained with the “*Golden Gopher’’: removal of bad pix-
els, removal of a half pixel shift between the upper and
lower halves of the array, occasional background correc-
tion, and column noise rejection. The variations in pixel-
to-pixel sensitivity of the array are ~5% and do not exceed
10% (Pifia et al. 1993). Sky images simultaneous with
cometary observations were used for producing flat fields
to correct for these variations. Flux calibrations were
obtained by imaging the stars 8 Peg, @ Lyr, and o Sco.
We used the data compiled in the Catalog of Infrared
Observations (Gezari et al. 1984) for the magnitudes of
these stars. During the observations, the air mass was
~1, but varying atmospheric conditions limited the accu-
racy of absolute calibrations at 10-20%. However, none
of our results depends on a precise knowledge of the
absolute calibration.

The finite spatial resolution of cometary measurements
puts a limit on the time scale of variability of cometary
activity which can be detected. For an aperture of angular
size ¢ centered on the nucleus, the ‘‘aperture escape
time,” 7(¢), for dust ejected from the nucleus is (Jewitt
1991)

1 pA

T(d) =5 0y’

(M

where A is the geocentric distance and v, is the velocity
of dust grains dragged with the gas into the cometary
coma. In accordance with (Delsemme 1981),

Ugas [km/sec] = 0.58 R-I2[AU], 2)
with R being the heliocentric distance, and v, being the
terminal gas velocity. Finson and Probstein (1968) found

U/ Vs = 0.2 - 0.8, 3)
depending on the particle size and density and the total
dust-to-gas ratio. The terminal speed of dust particles is
reached within 20 radii of the nucleus (~200 km), which

is smaller than the linear pixel size (see Table I). Assuming
Ua/Ugss = 0.5, we find

7(¢) [hr] = 0.35 x ¢[arcsec] A [AUIRZ[AU]. &)

For the Comet Austin observations presented here R =
0.8 AU, A = 0.4 AU (see Table I), and ¢ = 53 x 13
arcsec (RA X Dec), yielding aperture escape times of
6.6 and 1.6 hr in each direction, respectively. Therefore,
images obtained on different nights are not expected to
appear the same, unless the dust ejection is isotropic and
constant.

In accordance with Eq. (4), the two-pixel (minimal reso-
jution element) crossing time is only 0.4 hr; i.e., each
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FIG. 1. (a-f) Coadded images of Comet Austin. Images are oriented north—up and east-left, with the length of the fiducial marks denoting §
arcsec. The origin of coordinate system is located at the brightest pixel of each image and is marked by a cross. Contours are drawn at 90, 70,
50, 30, and 10% level of the peak. The solid line through the peak shows the sunward direction in each image. The cross cuts in (a) correspond

to radial brightness profiles shown in Fig. 2a.

image represents a snapshot of the cometary activity for
the previous 2-6 hr with a time resolution of 25 min.
Images obtained on the same night with 35- to 40-min
intervals (see Table I) appear similar within the accuracy
of the data, which implies that the dust production rate
did not exhibit variations or outbursts faster than time
scales of a few hours. This enabled us to combine images
from the same night together to enhance the signal-to-
noise ratio in the resulting coadded images.

RESULTS

Overall Morphology

The combined images (see Fig. 1a—1f) sample the inner
(3.5-4.0 x 14-18) 10° km of the coma. At this distance,
dust grains are decoupled from the gas. Dust particle
trajectories are determined by their terminal velocities
and by accelerations due to solar gravity and solar radia-

tion pressure. Comet Austin was noted by other observers
as a ‘‘well-behaved’’ comet (Schleicher e al. 1990, Mere-
dith er al. 1992), having a symmetric spherical coma in
the UV and visible images and a smooth gas outflow. In
contrast, our 10-um images show a coma which is slightly
elongated along the Sun—comet line. We believe that this
asymmetry is real and not a result of imprecise telescope
tracking. The comet was moving fast (1-2 arcsec in RA
and 0.5-1 arcsec in Dec per nod period), and the position
of the telescope on the comet was verified only between
nods. However, the angle between the vector of the comet
drift and the Sun-comet direction was about 30° during
the observations and this does not coincide with the direc-
tion of the elongation.

Except for the coma elongation, the thermal infrared
images exhibit a simple morphology similar to UV and
visible images—there is no pronounced jet- or shell-like
structures whose periodic occurrence could help in de-
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FIG. 2a. Radial brightness profiles for the cross cuts from Fig. la.

termining the rotation period.! However, the images do
look different from night to night and the shape of even
the innermost brightest region appears to vary randomly.
Fluctuations of the image morphology suggest that the
emission from the surface of the nucleus was not uniform,
but probably was rapidly changing as upper layers were
blown away with the gas. The emission may have con-
sisted of a large number of microjets indistinguishable as
separate events from groundbased observations, but still
influencing the overall appearance of the coma. Other
evidence of a rapidly changing surface layer of the Comet
Austin nucleus is given by Hoban ez al. (1991), who found
that mixing ratio of methanol to water was ~35 times larger
in the beginning of May than 3 weeks later.

An absence of distinctive dust phenomena in Comet
Austin may be intrinsic to all new comets. For example,
the thermal infrared images of the dynamically new Comet

Wilson obtained with the NASA/MSFC bolometer (Cam--

pins et al. 1989) with a linear resolution of ~5600 km/
pixel, covering ~10° km of the coma, looked the same
from night to night and did not show any irregular out-

1 The image of May 05 (Fig. 1a) is an exception as it seems to have
a jet or outburst stretching ~60° southward from the sunward direction.
However, the somewhat marginal quality of the data which reflects the
early engineering status of the camera at the time the observations were
made mandates caution in interpretation of this data. The presence of
this feature was not confirmed either by our subsequnt observations or
by other observers.
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bursts. However, this may be attributed to the large linear
resolution and hence the large aperture crossing time (~25
hr) which make changes occurring on a comparable or
shorter time scale impossible to detect (Jewitt 1991).

Radial Brightness Profiles

Six radial b..ghtness profiles have been constructed for
each of the combined images. The directions of the radial
cuts through the coma are displayed in Fig. la as lines
through the center of the image. The resulting profiles for
this image are shown in the Fig. 2a. Despite the elongation
of the coma in the sunward direction, no systematically
higher intensity sunward over anti- sunward was ob-
served. This is in contrast with other results of imaging
of comets. Campms et al. (1989) argue that a model of
dust emission in a 60° beam located 10° eastward from
the subsolar point provides the best fit to their images of
Comet Wilson. In the images of periodic Comet Levy
(Weaver et al. 1992) obtained with the Hubble Space
Telescope with a linear resolution of 78 km/pixel and
covering ~1.6 x 10* km of the coma, the intensity in the
sunward quadrant was as much as two times higher than
in the anti-sunward quadrant. Our data show no evidence
of an azimuthal dependence of the emission.

Figure 2b shows the average radial brightness profile
obtained by averaging all profiles from all images. It indi-
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FIG. 2b. Average radia! brightness profile. The dotted line shows a
1/r profile and the dash-dotted line shows a 1/r profile convolved with
the instrumental point spread function. The dashed line shows r~!%
dependence.
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cates ar~ ! brightness dependency on radial distance, con-
sistent with a steady-state model (Gehrz and Ney 1992),
up to an angular distance r = 4-5 arcsec (1-1.5 x 103
km) from the nucleus. In the steady-state model approxi-
mation, the dust production rate and the particle velocity
do not depend on time, and particles are isotropically
emitted from the nucleus. The observed flattening of the
profile near the center of the image is consistent with
what is expected for a r~' profile convolved with our
instrumental point spread function.

At a larger distance from the nucleus, the profiles
steepen to about r~!%, which is consistent with the num-
ber of grains in the coma decreasing faster than the steady-
state model prediction of r~2. A number of physical pro-
cesses can be considered to explain the observed gradient
of the brightness profiles, including the influence of solar
radiation pressure, temporal variations in the dust loss
rate, and the presence of fading grains in the coma. Jewitt
and Meech (1987) have noted a steepening of profiles in
many comets and explained it by shaping of the coma by
solar radiation pressure. However, the radial distance at
which this dynamical effect becomes important is typi-
cally ~3-5 x 10" km. Since this scale is much larger than
the spatial range covered by our images, solar radiation
pressure could not cause the observed radial dependence.
The resemblance of the profile gradients obtained on dif-
ferent nights practically rules out the possibility of signifi-
cant changes in the dust loss rate. Thus, the more plausible
hypothesis is that some of the grains are vanishing as they
flow out from the comet. The presence of fading icy grains
and processes of their sublimation in cometary comae
have been considered by Delsemme and Miller (1971),
Hanner (1981), Lichtenegger and Komle (1991).

Lichtenegger and Komle (1991) showed that the lifetime
of 100-um icy particles in the space environment at 1 AU
from the Sun varies from 4.8 to 0.7 hr when the proportion
of organic matter mixed with water ice varies from 1 to
50% and achieves 3000 years for a pure H,O ice. This
estimate is significantly longer than the results of Hanner
(1981, based on another vapor pressure formula) and gives
rise to the possibility of icy grains in comets surviving up
to a radial extent of ~1.0-1.5 x 10° km. However, to
radiate effectively in the thermal infrared at 10 wm, the
fading grains should have a temperature of ~300 K. Lich-
tenegger and Komle (1991) estimated temperature of sub-
limating H,O ice particles near 1 AU to be ~180-200 K,
which makes their contribution too small in comparison
with warmer mineral dust grains. On the other hand, the
fading grains can be made up of organic polymers more
refractory than water ice which can reach a higher temper-
ature of ~300 K (see discussion by Mitchell et al. 1992).
In situ studies of Comet Halley dust grains showed that
stable cometary grains encountered at -5 x 10*km from
the nucleus had a considerable organic component (Kissel
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et al. 1986). The proportion of grain having organic com-
ponent decreased with an increase of the distance from
the nucleus (Fomenkova er al. 1993), which suggests the
decomposition of organic matter in the coma. The evapo-
ration of the organic grains in Comet Halley was proposed
to provide an extended source of some gaseous species:
C* (Balsiger et al. 1986), CO (Eberhardt et al. 1987),
CN (A’Hearn et al. 1986), and more complex heavy ions
(Mitchell er al. 1992). Meredith et al. (1992) discussed the
possible presence of decomposing organic grains in Comet
Austin to explain their observations of CN and C, abun-
dances. We conclude that the observed brightness profiles
represent evidence of evaporating organic grains in the
coma of Comet Austin.

Heliocentric Dependence of the Thermal Flux

The majority of our images were obtained with a broad
9- to 12-um filter bracketing the peak in blackbody emis-
sion. Thus, the integrated flux in the images should be
roughly proportional to the total thermal emission,

aZQe (a) 4 T(;bs ((1)

vy (a)

ful® = FEN | f@da, )

for a circle aperture of diameter ¢ (Gehrz and Ney 1992),
or

aZQe (a) O-T:bs (a)

vg(a)

rr(é) = In(1 + Vi)%N f flayda (6)

for a square aperture of size ¢. Expressions (5) and (6)
are derived for the steady state model, N is the dust
production rate, a is the grain radius, Q,(a) is the Planck
emission coefficient of the grain, o is the Stefan-Boltz-
mann constant, T, is the observed grain temperature,
and f{a) is the particle size distribution. Figure 3 presents
the dependence of flux (multiplied by the geocentric dis-
tance) on the heliocentric distance for different aperture
sizes. Typically, the total thermal infrared flux in comets
is predicted to vary with the heliocentric distance as R~*
(Ney 1982). The measured flux in the Austin images varies
as R™*° and can be factored as follows. An R~? depen-
dence is caused by the temperature decrease resulting
from the energy balance between the power of absorbed
solar radiation and the power emitted by grains in the
thermal infrared:

Lsun

dmra’ Qe (a) a T;r = TraZQa (a) W

0

Here L, is the solar luminosity, Q,(a) is the Planck mean
absorption coefficient averaged over the energy distribu-
tion of the Sun, and T, is the local equilibrium tempera-
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FIG. 3. Dependence of the thermal flux on the heliocentric distance
for square apertures of a various size. Number at left of each curve is
the length of the side of the square aperture in arcsec. Uncertainties
in the flux are about 15%. The dash—dotted line is the least squares
approximation to the slope of the curves showing the R** dependence
of the flux.

ture. Gehrz and Ney (1992) and Hanner et al. (1993) re-
ported that for Comet Austin the observed temperature
of dust grains T,,, was close to T,. An additional R~%°
dependence in the flux is expected due to the decrease
of the grain terminal velocity as follows from Egs. (2)-(3).
The remaining heliocentric dependence of the flux can be
accounted for if the dust production rate N falls as R™°.
The slope of —3 of the dust production rate is consistent
with the —2.75 value found by Schleicher ez al. (1990)
and with the —3.1 slope of the water production rate
(Schultz et al. (1993). Hasegawa and Watanabe (1992)
attributed such a fast drop of the activity postperihelion
to a formation of a dust mantle layer on the surface of
the Comet Austin nucleus. The low thermal conductivity
of this mantle reduces the sublimation rate at the icy
surface.

Mass Loss Rate

The mass loss rate M can be estimated as
. 4 . ,
M= SWNJP (a) a’fla) da, (8

where p(a) is the particle density.
It follows from Egs. (6) and (8) that the mass production
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rate depends on the assumed particle size, density, and
velocity distributions. A number of observers (Gehrz and
Ney 1992, Hanner 1993) have suggested that Comet Aus-
tin may have the bulk of its mass loss in large particles.
This is based on the absence of strong silicate emission
in its spectrum and the low excess of the grains’ color
temperature above the local equilibrium. Large spatial
scale observations of the Comet Austin dust tail in the
3-100-um range by COBE/DIRBE (Lisse 1992) demon-
strated that the dust emission of Comet Austin was domi-
nated by large dark particles >10-100 wm, invisible at
optical wavelengths. Such a size distribution, weighted
toward larger grains, may correlate with the featureless
coma. Laboratory simulation of cometary dust—gas emis-
sion (KOSI, Thiel et al. 1991) showed that highly active
regions on the surface of their samples (the analog of jets)
emit mostly small particles while large particles are more
slowly and uniformly emitted. On the other hand, the
relationship between the relatively high abundance of
large particles in the coma and the previous processing
history of the nucleus remains unclear. For example, the
coma of new Comet Wilson was dominated by small parti-
cles (Hanner and Newburn 1989) as well as the coma of
old Comet Halley (McDonnell ez al. 1991).

To determine the mass loss rate of Comet Austin we
used fla) and p(a) from the model fit to the Comet Austin
observation obtained by Lisse (1992):

0.27
1

fla)~ lla, pla)~a 0.lum<a<10*um. (9)
In comparison with the Halley dust size distribution
(McDonnell et al. 1991), which varies as a=%7, this size
distribution is highly dominated by large grains. The parti-
cle density ranges from 2.5 g/cm? for 0.1 um grains im-
plying solid compact spheres at this end of the size distri-
bution, to 0.1 g/cm? for 10 um grains implying that large
particles are fluffy and highly porous. The latter is consis-
tent with observations of anhydrous interplanetary dust
particles of possibly cometary origin (Brownlee 1978) and
with theoretical modeling of cometary dust properties
(Greenberg and Hage 1990).

Lisse (1992) deduced a velocity distribution given by

I i
VR Vp (a)a

v(a) ~ (10}

as the best fit to his Comet Austin data. At the large scales
(106 km) measured by COBE/DIRBE on the Comet Austin
tail, this velocity distribution is dominated by the interac-
tion of dust particles with solar radiation and solar gravity.
Thus, it is not applicable to our images which extend only
over the inner part of the coma—a region in which dust
particles interaction with the solar wind is insignificant.
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Instead, the terminal velocity distribution from Finson
and Probstein (1968) was adopted. Also, we assumed that
Q. = Q. = 1, which is appropriate for Comet Austin
(Gehrz and Ney 1992) because of the predominance of
large grains in its coma.

Having adopted the size distribution, particle density,
and velocity distribution, the total mass loss rate can
be calculated from Eqs. (6)-(8). The flux within a square
aperture of 9 x 9 arcsec was used for calculations as
it is the largest aperture for which the steady-state
model is still applicable and the effect of grain fading
is negligible (see Fig. 2b). The resulting calculated mass
loss rate ~1 x 10% g/sec on May 6 is 3 times larger
than the lower limit estimate of Hanner er al. (1993)
based on a Halley-type model of small absorbing grains.
On May 12 we obtained M ~5.7 x 10° g/sec which is
comparable with the value 5.1 x 10° g/sec from Lisse
(1992) for May 15. Using the water production rate
from Schultz et al. (1993) gives a dust-to-gas ratio of
~0.25 which characterizes Austin as a ‘‘dust-poor”
comet. However, our mass loss rate estimate may also
be underestimated because the size distribution (9) is
cut off at 10* um (0.5-g particles) while larger masses
may have been emitted.

The Silicate Emission

Comet Austin had an unusually wide 9- to 12-um silicate
emission feature 15-20% above the continuum (Hanner
et al. 1993) peaking at 11.06 um, which was quite different
from that seen in Comet Halley and several other comets.
In our set of data obtained on May 12, 1990, one image
was acquired with the broad 9- to 12-um filter and two
images with a narrower 8- to 9-um filter. We compared
the total fluxes measured in the 11 x 11-pixel (9.1 x 9.1
arcsec) square aperture in these images with the Comet
Austin 9-13-pm spectrum (Hanner et al. 1993) obtained
on May 6, 1990, by using a 9.4-arcsec-diameter circular
aperture and converted to the bandpasses of our filters.
The ratios of 9- to 12-um to 8- to 9-um flux is 2.18 from
the data of Hanner ef al. (1993) and 1.79 from our data.
This is adequate agreement because the uncertainties in
our absolute flux calibration were ~15-20%. Also, these
measurements are separated by 6 days, and cometary
spectra may be quite variable from date to date (Gehrz
and Ney 1992).

The ratio of the 9- to 12- and 8- to 9-um images was
examined to determine the spatial distribution of the
silicate emission in the coma (Fig. 4). Being normalized
to the maximum, the ratio varies from 1 to ~0.3,
increasing within a ~90° angle in the sunward direc-
tion from the nucleus with the peak at a distance of
~1.5-2 x 10° km. This implies an enhancement of
silicate emission in this region. Small grains (<1 um)
are responsible for the presence of the silicate emission
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FIG. 4. Spatial behavior of the silicate emission feature. Halftone
image shows the relative strength of the silicate emission. Contours
show the position of the comet itself and are taken from Fig. If. That
image was obtained through the 8- to 9-um filter characterizing the
thermal continuum emission. The length of fiducial marks denotes 0.83
arcsec (the pixel size).

feature in comets (Gehrz and Ney 1992). There is
considerable evidence that these grains may be nonuni-
formly distributed in comae. Infrared photometry of
Comet Kohoutek (Ney 1974) showed the silicate emis-
sion feature in its coma and tail (at 5 arcmin from the
nucleus), but not in its anti-tail (at 11.3 arcmin from the
nucleus). Imaging of the Comet Halley coma (Campins et
al. 1987) at 10.8 and 12.8 um indicated a stronger
silicate emission in the sunward direction than in other
directions which is consistent with our observations of
Comet Austin, but they observed the peak emission
located at the nucleus. We hypothesize that the small
grains in Comet Austin are relatively more abundant
in the fresh dust recently emitted from the dayside of
the nucleus and later get blown away by radiation
pressure. However, the data on the spatial distribution
of particles of different size are controversial. Ney
(1974) suggested that the anti-tail of Comet Kohoutek
was made up of large particles while Telesco et al.
(1986) explained the thermal infrared images of Comet
Giacobini-Zinner by the presence of large particles in
its tail. Further observations and modeling are required
for a better understanding of the dust behavior in the
inner part of cometary comae.
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SUMMARY

The Comet Austin observations presented in this paper
were the first application of the newly built Golden Gopher
camera to cometary research. From these thermal infra-
red images obtained with a spatial resolution of 290-220
km/pixel we have determined the following:

1. The Comet Austin coma is slightly elongated sun-
ward, but does not reveal systematically higher sublima-
tion intensity in the sunward-facing hemisphere. No jets
or other distinctive dust phenomena were observed.

2. The radial brightness profiles follow a 1/r depen-
dence of the steady-state model approximation up to 4-5
arcsec from the nucleus and become steeper afterward
which is consistent with the presence of fading grains in
the coma.

3. The thermal infrared flux in the images decreases as
R~55 with the heliocentric distance which resultsina R 3
dependence of the dust production rate.

4. The mass loss rate, estimated for a size distribution
dominated by large grains, gives a dust-to-gas ratio of
0.25, which characterizes Comet Austin as a ‘“‘dust-
poor,” ‘‘gassy” comet. However, the estimate of dust
mass loss is model dependent and represents a lower
estimate since the grain size distribution was cut off at
10* um.

5. The ratio of the 9- to 12-um image to the 8- to 9-um
image samples the spatial behavior of the thermal silicate
emission. The silicate emission peaks at 1.5-2 x 10* km
from the nucleus in the sunward direction, which suggests
that the small silicate grains (<1 um) responsible for the
silicate feature prevail on the dayside of the nucleus. This
is the only clearly asymmetrical feature observed in the
coma of this comet.

High-resolution thermal infrared imaging of Comet
Austin has provided spatially resolved information about
the distribution of dust grains in its coma. How do these
data specifically characterize Austin as a dynamically new
comet making its first passage through the inner part of
the Solar System? Smooth isotropic emission and the
absence of jets may be a typical feature of a new comet
if one suggests that repeated passages of the comet
through the Solar System play a more important role in
differentiating the surface of its nucleus than the time
spent in the Oort cloud. The presence of fading, possibly
volatile organic grains may also be expected for a new
comet containing an outer layer of active fresh material.
The sharp decrease in activity postperihelion is typical
for many new comets and may be due to the formation
of a dust mantle on the surface of their nuclei. Continuing
work with mid-infrared array imaging will contribute fur-
ther to our understanding of cometary origin and evo-
lution.
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We report 0.7- to 23-um observations of P/Halley 1986 III
and six other recent bright comets. P/Halley was measured on 47
occasions between 1985 December 12 UT and 1986 May 6 UT,
several times within hours of the perihelion passage on 1986 Febru-
ary 9 UT. Our data show that the strength of the 10-um silicate
emission feature and the temperature excess (superheat; § =
Tos/Tg) of the infrared continuum emission are strongly corre-
lated. IR Type I comets have low continuum superheat and muted
or undetectable silicate emission features, suggesting that the coma
emission from these comets is produced by large grains with radii
larger than 1 um. IR Type II comets have superheated thermal
infrared continua and high-contrast silicate emission features, indi-
cating that the coma emission is from small grains with radii
between 0.5 and 1 um. Both types of behavior were exhibited
by Comet P/Halley at various times. The relationship between
superheat and 10-um silicate emission may be complex, for al-
though the strength of these quantities was generally strongly corre-
lated, several comets exhibited occasional episodes when superheat
and silicate emission were not correlated. P/Halley’s dust coma
had an average albedo of 0.20 at a scattering angle of 130°. Our
data show that the scattering phase function for typical comet dust
is characterized by a moderately strong forward scattering peak,
no appreciable backscattering peak, a mean bolometric albedo of
=0.32, and an albedo of ~0.15 for scattering angles between 120°
and 180°. These characteristics are consistent with laboratory and
theoretical results for nonspherical and “fluffy” core-mantle ag-
gregate grains. P/Halley’s 10-um silicate signature showed signifi-
cant variations in strength and was occasionally weak or absent at
heliocentric distances both smaller and larger than 1 AU. Simulta-
neous measurements of P/Halley and Bradfield 1980 XV with
different diaphragms are generally consistent with the steady-state
model for nuclear ablation. P/Halley’s coma luminosity fluctuated
by a factor of nearly 10 on time scales of 1 to 2 days. These variations
are consistent with jet-like activity probably associated with nuclear
rotation. Dust mass loss rates for the comets studied here are esti-
mated, and we conclude that P/Halley was losing =105 g sec™! of
dust at a heliocentric distance of 1 AU.  © 1992 Academic Press, Inc.

I. INTRODUCTION

Infrared observations of comets can yield fundamental
information about the composition and structure of astro-
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physical dust grains. Comet nuclei are believed to contain
samples of the primary solid and condensible constituents
of the primitive Solar System frozen in the state in which
they were trapped during the epoch of comet nucleus
formation. During perihelion passage, this primordial ma-
terial can be studied by modern-day observers as the
nucleus is ablated by sunlight to form the coma and tail.
More than 20 years ago, observations of Comet Ikeya-
Seki by Becklin and Westphal (1966) first showed that
comets are strong infrared sources because of thermal
emission from dust grains that are driven away from the
nucleus by the evaporation of volatiles such as water and
carbon dioxide ices. We subsequently observed many
bright comets to define the properties of cometary grains
and study the characteristics of the ablation of comet
nuclei (Maas et al. 1970, Ney 1974a, 1974b, 1982a, Gehrz
et al. 1989, and Hanner er al. 1990). Our investigations
were based on measurements of the reflected and ther-
mally reradiated energy from grains in comet comae, tails,
and the antitail of Comet Kohoutek. Comets are especially
important because they present the only case in which the
light scattering phase function of astrophysical grains can
be determined with reasonable certainty. Their heliocen-
tric and geocentric distances, and hence their scattering
angles, can be determined.

In this paper, we present 0.7- to 23-um infrared photom-
etry of P/Halley 1986 III and six other recent bright com-
ets, and we discuss the data in the context of our previous
infrared studies of comets.

II. THE OBSERVATIONS

We used broadband optical/infrared photometers that
measure from 0.7 to 23 micrometers mounted on the Uni-
versity of Minnesota (UM1, UM2) O’Brien 0.76-m tele-
scope, the Wyoming Infrared Observatory (WIRO)
2.34-m telescope, and the UM Mount Lemmon Observing
Facility (MLOF) 1.52-m telescope to measure Comet
P/Halley 47 times between 1985 December 12 UT and
1986 May 6 UT. Data for six other recent bright comets
that we observed near perihelion passage are presented
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here for comparison. These were Comets Kobay-
ashi—-Berger—Milon 1975 IX (KBM), Bradfield 1980 XV
(1980t), Austin 1984 XIII (1984i), Machholz 1985 VIII
(1985¢), Austin 1989c¢, (designated 1990 V after this paper
went to press), and Brorson—Metcalf 1989 X (BM). The
photometric results and important parameters related to
the analysis presented below are summarized in Tables
I-1V, and Appendix C (Table C-I). The photometric sys-
tems, magnitude scales, and absolute flux calibrations for
the UM and MLOF measurements were described by
Ney (1974a). Gehrz et al. (1974, 1987) described these
parameters for the photometric system used at WIRO.
Comments on a preliminary reduction of a subset of the
P/Halley data were presented by Gehrz and Ney (1986).
Ney (1982a) discussed the initial analysis of the data on
Comets KBM and Bradfield 1980 XV. On three occasions,
simultaneous measurements were obtained with the UM
and WIRO telescopes using different beam diameters.
The O’Brien and WIRO telescopes were the only infrared
telescopes in the world that monitored P/Halley from mid
January to late February 1986 III during its perihelion
passage.

Nearly all the measurements made at WIRO were ob-
tained using a telephone observing link enabling us to
control the computer-operated Wyoming Infrared Tele-
scope (Gehrz and Hackwell 1978) remotely from the Uni-
versity of Minnesota. All data acquisition parameters and
telescope control functions were commanded by the re-
mote observer over two 2400-Baud telephone lines, and
a third telephone line was used to communicate with an
on-site assistant whose main task was to center offset
guide stars on a reticle upon request. A continuous
stripchart of the infrared-detector output enabled the re-
mote observer to center sources in the photometer beam
and monitor data acquisition. Automatic searching and
peaking routines were used to find bright objects and to
keep them centered. This system is, to our knowledge,
the first substantial demonstration of the routine use of
remote control to obtain data from a groundbased optical/
infrared telescope.

Data in Table II are raw magnitudes corrected only for
atmospheric extinction. These data are uncorrected for
the contribution of the coma emission in the reference
beam. Since the coma is extended, the beam-switching
technique we employed in taking our data automatically
subtracts the coma emission in the reference beam from
the coma emission in the source beam. Correction factors
which must be applied to reconstruct the full signal that
would have been observed in the source beam if the refer-
ence beam had been placed off the coma depend on the
surface brightness distribution of the coma. The correc-
tion factors used in the quantitative analysis described
below are derived in detail in Appendixes A and B and
are supplied in Tables I and II1. Several of the photome-
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ters had square diaphragms as noted in the footnotes to
Tables I and 11. We derived the equivalent circular aper-
ture diameters cited in Table I (column 12) and Table II
(column 6) by comparing the integrated fluxes that would
be observed in circular and square diaphragms using the
r~! coma surface brightness distribution given by the
steady-state model described in Appendix A.

All three tables contain five identical leading columns
that serve to characterize the observations on each date:
column 1, a chronological observation number; 2, the UT
observation date; 3, the Julian date of the observation; 4,
the UT time of each observation in decimal days with
respect to perihelion passage (+ = 0) where negative and
positive values indicate pre- and postperihelion observa-
tions, respectively; and 5, the photometric system in use
at the time of each observation. The remaining columns
in Table I give the physical parameters of the comet orbit
computed using the orbital elements given in Appendix C,
the photometer configuration, and the correction factors
required to normalize the observations: 6, the heliocentric
distance r in AU, 7, the geocentric distance A in AU; 8,
the multiplier to correct the observed coma emission to
r=1land A = 1; 9, the elongation (Sun-Earth-comet)
angle 6,,; 10, the scattering (Sun-comet—Earth) angle 9,
(11), the phase angle 8, (6,, = 180° — 6); 12, the beam
diameter ¢ in arcseconds (the equivalent circular diameter
is given for photometers with square beams); 13, the chop-
per throw ¢ between the source and reference beams in
arcseconds; 14, the multiplier required to correct for coma
emission in the reference beam; 135, the multiplier to nor-
malize the coma emission to a circular diaphragm of 20-
arcsec diameter; and 16, the multiplier that gives the coma
emission in a standard beam of diameter 20 arcsec cor-
rected for emission into the reference beam. The re-
maining columns in Table II give: 6, the diaphragm diame-
ter ¢ in arcseconds (the equivalent circular diameter is
given for photometers with square beams); 7, the chopper
throw ¢ between the source and the reference beams in
arcseconds, and columns 8 through 21, the raw photomet-
ric magnitudes corrected only for atmospheric extinction.
The remaining columns in Table III summarize physical
quantities derived from the data given in Table II, orbital
parameters computed using the orbital elements given in
Appendix C (Table C-I), and the correction factors de-
rived in Appendixes Aand B: 6,r;7, A; 8, the temperature
Tg; of a black conducting sphere at heliocentric distance
r; 9, the measured infrared color temperature 7, of the
comet’s continuum emission; 10, the superheat § of the
continuum emission; 11, the observed apparent maximum
emission from the infrared continuum [Af,(IR)] .. in
W cm~?; 12, the observed apparent maximum emission
from the scattered solar component [Af,(V)],.. In
W cm™2; 13, the albedo A(6) of the coma at the scattering
angle 8 from Eq. (6); 14, the equivalent blackbody angular
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TABLE 1

Optical and Observational Parameters for Comet P/Halley and Six Other Bright Comets

) @ 3) @ (O] ® O ® ® an gy a»  ax Q9 as (16)
#  UTDATE z.uygooo»f P o SYSTEM AU AU vy dg} dgg g:g et arese oo F as¥
Comet P/Halley 1986 IIT

1 1211 Dec, 1985 641161 -5935 um2 132 077 043 97 132 48 225 30 123 089 1.09
2 1306 Dec, 1985 6412.56  -58.40 um2 130 079 044 94 131 49 225 30 123 089 1.09
3 140! Dec, 1985 641351 -5745 M2 129 080 045 927 130 50 225 30 123 089 1.09
4 2500 Dec, 1985 642450  -46.46 UM2 11 102 065 68 125 55 225 3 123 089 1.09
S 30.00 Dec, 1985 642950 4146 UM2 104 132 076 59 126 54 225 30 123 089 1.09
6 101 Jan, 1986 643151  -39.45 UM2 101 116 083 56 127 53 225 30 123 089 1.09
7 7.89 Jan, 1986 643839  -32.57 um2 090 129 118 44 130 50 225 30 123 089 1.09
8 101 Jan, 1986 644160  -29.36 WIRO 086 134 136 40 133 47 5 16 108 400 432
9 119 Jan, 1986 644240  -28.56 WIRO 085 135 142 38 134 46 5 17 108 400 432
10 120 Jan, 1986 644250  -28.46 UM2 084 148 148 38 134 46 225 30 123 089 1.09
11127 Jan, 1986 644320  -27.76 WIRO 084 136 148 40 135 45 5 18 107 400 428
12127 Jan, 1986 644320  -27.76 WIRO 084 136 148 40 135 45 5 18 107 400 428
13 128 Jan, 1986 644330  -27.66 WIRO 084 136 148 40 135 45 22 I8 103 909 936
14 128 Jan, 1986 644330  -27.66 WIRO 084 136 148 40 135 45 33 I8 105 606 636
15 129 Jan, 1986 644340  -27.56 WIRO 084 136 148 40 135 45 83 18 113 241 272
16 268 Jan, 1986 645730  -13.60 UM2 066 154 342 17 154 26 225 30 123 089 1.09
17 9.75 Feb, 1986 647125 +00.29 UM2 059 154 536 85166 14 225 30 123 089 1.09
18 0.83 Feb, 1986 647133  +00.37 WIRO 059 154 536 85166 14 831 I8 113 241 272
19 9.85Feb, 1986 647135  +00.39 UM2 059 154 536 8BS 166 14 225 30 123 089 1.09
20 1072 Feb, 1986 647222 +01.26 UM2 059 154 536 95164 16 225 30 123 089 1.09
21 1077 Feb, 1986 647227 4013} UM2 059 154 536 95 164 16 225 30 123 089 1.09
22 1188 Feb, 1986 647338  +02.42 WIRO 059 153 539 11 162 18 83 20 112 241 270
23 1267 Feb, 1986 647417  +03.21 UM2 059 152 543 12 160 20 225 30 123 089 1.09
24 1274 Feb, 1986 647424  +03.28 UM2 059 152 543 12 160 20 225 30 123 089 1.09
25 1467 Feb, 1986 647617 +05.21 UM2 060 150 514 15 156 24 225 30 123 089 1.09
26 14.79 Feb, 1986 647629  +05.33 UM2° 060 150 514 15 156 24 225 30 123 0.89 1.09
27 217 Feb, 1986 648320  +12.24 UM2 065 140 400 24 141 39 225 30 123 089 1.09
28 27.69 Feb, 1986 6489.19  +18.23 UM2 071 130 303 33 130 S0 225 30 123 089 1.09
29 2770 Feb, 1986 648920  +18.24 WIRO 07! 129 305 33 130 5 83 175 113 241 272
30 2775 Feb, 1986 648925  +18.29 uM2 071 129 305 33 130 S0 225 30 123 0.89 1.09
31 271 Mar, 1986 649221  +21.25 WIRO 075 122 259 37 126 54 5 5 133 400 532
32 271 Mar, 1986 649221  +21.25 WIRO 075 122 259 37 126 54 S 43 103 400 412
33 4.64 Mar, 1986 6494.14  +23.18 uM2 076 120 250 40 125 S5 225 30 123 089 109
34 674 Mar, 1986 649624  +25.28 WIRO 080 113 216 43 122 58 5 40 103 400 412
35 7.61 Mar, 1986 6497.11  +26.15 UM2 081 112 217 45 120 60 225 30 123 0.89 1.09
36 13.62 Mar, 1986 650312 +32.16 WIRO 090 097 157 54 116 6 5 5 133 400 532
37 13.62 Mar, 1986 650312 +32.16 WIRO 090 097 157 54 116 64 5 20 107 400 428
38 1563 Mar, 1986 650513 +34.17 UM2 092 052 150 58 115 65 225 30 123 089 1.09
739 2058 Mar, 1986 651008  +39.12 uM2 100 080 125 67 114 66 225 30 123 089 109
40 235 Mar, 1986 6513.00  +42.04 uM2 105 072 L4 73 115 65 225 30 123 089 109
41 255 Mar, 1986 651500  +44.04 MLOF 108 068 108 76 115 65 152 23 120 132 1.58
42 2855 Mar, 1986 6518.05  +47.09 WIRO 143 060 104 8 118 62 § 17 108 400 432
43 273 Apr, 1986 654780  +76.84 MLOF 157 069 024 8 153 27 10 20 L14 200 228
44 283 Apr, 1986 654830  +77.84 MLOF 1.5 072 022 136 153 27 10 20 114 200 228
45 121 May, 1986 655171  +80.7§ WIRO 163 080 018 129 151 29 5 20 107 400 428
46 52 May, 1986 655570  +84.74 uM2 169 092 013 122 150 30 225 30 123 0.89 1.09
47 62 May, 1986 655670  +85.74 UM2 171 096 012 121 149 31 225 30 123 089 1.09
COMET KOBAYASHI-BERGER-MILON 1975 IX

§ 277 Nly, 1975 26212 -39.6 UM1 102 032 289 §25 1001 799 303 30 134 066 088
2 217 Aug, 1975 26522 08.6 UMt 048 099 190 279 1010 790 303 30 134 066 088
3 319 Aug, 1975 26564 -04.4 UM1 044 109 245 240 1118 682 303 30 134 066 088
4 198ep, 1975 26574 -03.4 UM1 044 LIl 240 232 1143 657 303 30 134 066 088
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TABLE I-Continned

[¢M] [03)] 3) & (5) © m 8) © (0 an a2 13 g4 % (16)
' OUTDATE 2440000 Peneen SYSTEM AU AU TE ek ap o whes wre iils 3 [%1E
5 2.7 Sep, 1975 2658.2 02.6 UMI1 0.43 112 261 22.8 1152 647 30.3 30 1.34 0.66 0.88
6 3.9 Sep, 1975 2659.4 01.4 UM1 0.43 115 254 217 1194 60.6 303 30 1.34 0.66 0.88
7 5.3 Sep, 1975 2660.8 0.0 M1 043 117 250 208 1228 57.2 303 30 134 0.66 0.88
] 8.8 Sep, 1975 2664.3 +3.5 UMI 0.44 124 215 19.1 1306 454 303 30 1.34 066 0.88
COMET BRADFIELD 1980 XV (19801
1 1.8 Jan, 1981 4606.3 +03.3 UM2 0.28 073 2229 84 306 1493 225 30 1.23 0.89 1.09
2 2.8 Jan, 1981 4607.3 +43 UM2 0.30 075 1646 118 427 1373 225 30 1.23 0.89 1.09
3 3.8 Jan, 198! 4608.3 +5.3 UM2 0.31 077 1406 149 537 1263 225 30 1.23 0.89 1.09
4 9.7 Jan, 1981 4614.2 +11.2 UM2 044 096 278 262 997 80.3 225 30 123  0.89 1.09
5 11.9 Jan, 1981 46164 +134 UuM2 0.49 104 167 280 1104 696 225 30 1.23 0.89 1.09
6 16.8 Jan, 1981 4621.3 +18.3 UM2 0.61 1.23 59 295 127.3 52.7 225 30 1.23 0.89 1.09
7 17.9 Jan, 1981 4622.4 +19.4 UM2 0.64 127 47 206 130.1 499 225 30 123 0.89 1.09
8 18.8 Jan, 1981 4623.3 +20.3 UM2 0.66 1.30 4.1 295 1324 476 225 30 123 0.839 1.09
9 21.8 Jan, 1981 46263 +23.3 UMz 0.72 141 26 290 1387 413 225 30 1.23 0.89 1.09
10 22.9 Jan, 1981 4627.4 +24.4 WIRO 8.75 1.44 22 288 1407 393 83 20 1.13 241 2.72
11 22.9 Jan, 1981 46274 +244 WIRQO 0.75 1.44 22 288 1407 393 5 20 1.07 4.00 428
12 24.8 Jan, 1981 4629.3 +263 UM2 0.79 1.51 1.7 284 1438 362 225 30 1.23 0.89 1.09
COMET AUSTIN 1984 XTIT (]1984i)
1 8.8 Aug, 1984 5921.3 -03.3 UM2 0.3 1.16 933 145 1249 550 225 30 1.23 0.89 1.09
2 9.8 Aug, 1984 59223 -02.3 UM2 0.30 1.19 1037 128 1320 480 225 30 1.23 0.89 1.09
3 10.8 Aug, 1984 59233 -01.3 UM2 0.30 122 1012 109 1394 406 215 a0 1.23 0.89 1.09
H: A% 1
i 2475 Jun, 1985 6241.25 -4.0 UMz 022 109 3916 112 1159 641 225 30 1.23 0.89 1.09
COMET AUSTIN (1989¢)
H 23.83 Mar, 1990 7974.33 -17.14 UM2 0.59 1.36 6.07 230 1384 416 225 30 1.23 0.89 1.09
2 3.71 Apr, 1990 7985.21 -6.26 UM2 0.39 116 373 19.t 1238 562 2235 30 1.23 0.89 1.09
3 12.78 Apr, 1990 799428 +2.81 UM2 0.36 096 620 21.0 9312 868 225 30 1.23 0.89 1.09
4 1579 Apr, 1990 7997.29 +5.82 WIRO 0.39 0.88 49.1 227 838 962 5 50 1.03 4.00 412
R - 890
1 15.8 Sep, 1989 77853 +3.86 WIRO 0.4%9 123 14,10 22.5 1279 521 5 27 1.04 400 422
2 16.7 Sep, 1989 7786.2 +4.76 WIRO 0.49 1.25 13.38 22} 1299 50.1 § 24 1.05 4.00 420

"Notes to Table 1:

UMI had a 27" squarc beam which is equivalent to a 30.3" circular aperture;

UM?2 had a 20" square beam which is equivalent to a 22.5" circular aperture; MLOF on 25 March, 1986 UT had a 13.5" square beam which is

equivalent to a 15.2" circular aperture.

radius 6, of the coma continuum in milliarcseconds; 15,
the upper limit to radius of the nucleus, in kilometers, from
the thermal emission maximum; 16 and 17, the correction
factors (see Appendixes A and B) applied in reducing the
photometric data to a common distance, beam diameter,
and throw; and 18, the activity index as defined by the
total infrared emission corrected for beam size, throw,
and distance effects as described by Eqgs. (11), (B-1), and
(B-2). The quantities in columns 14 and 15 were calculated
assuming that all the emission is from a nucleus that is
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point-like with respect to the beam (see Gehrz et al. 1989).
In this case, the correction factors given by Eqgs. (11),

(B-1), and (B-2) do not apply.

IITI. DISCUSSION

The photometric data we report here for recent bright
comets reveal some of the physical properties of the dust
grains released by comet nuclei and help to define the
nature of the nuclear ablation process.
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TABLE I1
Infrared Magnitudes for Comet P/Halley and Six Other Recent Bright Comets

) @) &Y (@) (5) @ o ® ® a0 an gz a3y a4 a5 ae amn 18) as @ ey
iD Days from ¢ "
L UT DATE 2440000+ Perihelion SYSTEM arcsec aresec {0.7] {12} {1.6] [2X)’ [(3.6] [4XP [8XP N [10X) [1XF [12XF (18] [19.5) (23]
COMET P/HALLEY 1986 Il
T 1211 Dec, 1985 6411.6! -59.35 UM2 225 30 - - - +68 +61 - 05 - -19 - -1.9 3.4 - -
2 13.06 Dec, 1985 6412.56 -58.40 UM2 225 30 - - - - - - 409 - <09 -1.4 2.0 - -
3 14.01 Dec, 1985 6413.51 -57.45 um2 25 30 - - - - - - +09 - 08 - - 22 -
4 25.00 Dec, 1985 642450 -46.46 UuM2 225 30 - 467 - 470 +52 428 05 - .16 - -16 3.3 - -
5 30.00 Dec, 1985 6429.50 -41.46 umM2 25 30 - - 475 4715 +62 +32 01 - 08 - -13 32 - -
6 1.01 Jan, 1986 643151 -39.45 UM2 225 30 - - - - - - - - -15 - 1.0 - -
7 7.89 Jan, 1986 643839 -32.57 UM2 225 30 - +59 461 +41 +15 -16 -28 - -28 4.4 - -
8 111 Jan, 1986 6441.60 -28.36 WIRO 5 16 - - - +76 +51 436 +08 -03 -10 -0.1 -0.8 - 2.4 -
9 119 Jan, 1986 6442.40 -28.56 WIRO 5 17 - - - 4756 +502 4280 0.72 116 -1 16! -1.46 - -2.41 2.4
10 120 Jan, 1986  6442.50 -28.46 UM2 225 30 - 457 +63 +61 436 +13 .21 - -3 <32 33 - -
11 127 Jan, 1986 644320 -27.76 WIRO 5 18 - - - 4669 +4.02 +204 -L11 -158 -192 -219 -2.15 - 317 -3.4
12127 Jan, 1986 644320 -21.76 WIRO 5 18 - - - +692 +434 +2.17 -1.01 -140 -150 -210 -2.10 - -3.10 -3.4
13 128 Jan, 1986 644330 -27.66 WIRO 22 I8 - - - 4767 +535 +3.40 +016 - 073 -097 -1.05 - -1.86 -
14 128 Jan, 1986 644330 -27.66 WIRO 33 18 - - - 4705 +543 +3.18 4018 - -Ll4 145 -1.29 - -2.08 -
15 129 Jan, 1986 = 644340 -21.56 WIRO 831 18 - - - 4639 +356 +154 120 - 224 -258 -2.33 - -3.48 -
16 268 Jan, 1986 645730 -13.60 um2 225 30 - +45 +44 +45 +12 08 36 - 42 - -4.3 -5.4 - -
17 9.75 Feb, 1986  6471.25 +00.29 UM2 225 30 - - - #37 420 -03 28 - -39 - -39 5.1 - -
1R 9.83 Feb, 1986 6471.33 +00.37 WIRO 33 18 - - - 4433 +158 028 254 301 384 371 -3.46 - - 4.5
19 9.85 Feb, 1986  6471.35 +00.39 UM2 225 30 - - 435 +18 10 33 - 43 - -4.2 -5.7 - -
20 10.72 Feb, 1986  6472.22 +01.26 Uum2 225 30 - - #30 426 +02 17 3B - =51 - -4.9 6.3 - -
21 1077 Feb, 1986 6472.27 +01.31 uMm2 225 30 +43 433 430 +23 +02 -2.1 42 - 35 - 5.2 6.6 - -
22 11.88 Feb, 1986 6473.38 +0242  WIRO 83 20 - - - 4180 +125 -0.54 -2.73 -320 -394 363 -1.64 - -4.56 47
23 12.67 Feb, 1986 6474.17 +03.21 UM2 225 30 +46 +37 +35 423 02 1B -4 - 52 - -5.1 6.5 -
24, 1274 Feb, 1986 6474.24 +03.28 UM2 225 30  +42 +42 430 +23 01 L8 .42 - -85 - -5.3 6.5 - -
25 14.67 Feb, 1986  6476.17 +5.21 UM2 225 30 - 443 45 431 +11 09 38 - 47 - 4.8 6.3 - -
26 1479 Feb, 1986  6476.29 +05.33 uM2 225 30 - - - - +07 13 39 - 438 - 4.8 -6.0 -
27 217 Feb, 1986  6483.20 +12.24 UM2 225 30 - - 452 H45 421 00 28 - 38 - -39 -5.2 - -
28 27.69 Feb, 1986 6489.19 +1823  UM2 225 30 +49 +47 +45 +41 +18 04 35 - 45 - 4.3 5.5 - -
29 27.70 Feb, 1986  6489.20 +1824  WIRO 83 175 - - - 44095 +210 +0.24 243 310 -352 356 -3.46 - 391 33
30 2775 Feb, 1986  6489.25 +1829  UM2 225 30 - - +43 437 +13 07 33 - 42 - 4.0 -5.8 - -
31 271 Mar, 1986 6492.21 +21.25 WIRO 5 5 - - - - - L8 - - - - - -
32 27 Mar, 1986 649221 +21.25 WIRO 5 13 - - - 4584 4307 4100 -171 224 -247 294 277 - -3.57 32
33 4.64 Mar, 1986 6494.14 +23.18 um2 225 30 - - - 457 39 +14 .17 - <25 - -2.3 3.2 - -
34 674 Mar, 1986  6496.24 +25.28 WIRO 5 40 - - +765 +4.08 +1.73 -140 -1.87 - -2.64 -2.09 - - -
35 7.61 Mar, 1986 6497.11 +26.15 UM2 225 30 - +42 +41 419 04 35 - 42 - -4.3 5.6 - -
36 13.62 Mar, 1986 6503.12 +3216  WIRO 5 5 - - - - 4570 - - -080 -114 - - - - -
37 13.62 Mar, 1986 6503.12 +3216  WIRO 5 20 - - - +7.46 +523 4268 053 -1.27 -145  -171 -1.58 - -2.83 2.8
38 15.63 Mar, 1986 6505.13 +34.17 umMm2 225 30 - - 455 +60 +38 +15 22 - -3 - -33 3.7 - -
39 20.58 Mar, 1986 6510.08 +39.12 uM2 225 30 - 462 - +42 +18 1.2 - -5 - -2.6 38 - -
40 235 Mar, 1986 6513.00 +42.04 UM2 25 30 - - - +64 450 +23 16 -2.5 - -3.2 - - -
41 255 Mar, 1986 651500 +44.04 MLOF 152 23 - 4749 4727 +7.31 +493 4276 -127 -2.03 -1.92 232 -2.70 3.2 -
42 2R.55 Mar, 1986 6518.05 +47.09 WIRO 5 17 - - - 4794 +6.14 +342 +003 083 -1.i5  -1.49 -1.60 - 265 -2.58
43 273 Apr, 1986 654780 +76.84 MLOF 10 20 - - - 2481 - - 408 - <02 - 0.6 - - -
44 283 Apr, 1586 6548.80 +77.84 MLOF 10 20 - - 492 - - 2460 +11 -0 - £7 L5 - -
45 1.21 May, 1986 6351.71 +80.75 WIRO 5 20 - - - +9.B1 +Bd44 +567 +244 +115 +D8B5  +0.39 0.21 - 0.9 081
46 5.2 May, 1986 655570 +84.74 um2 225 30 - - - - - - 404 -7 - -1.2 - - -
47 6.2 May, 1986 6556.70 +85.74 umM2 225 30 - - 2476 - 2460 2437 +10 - 0.0 - 0.9 - - -
MET KOBAYASHI-BERGER- N 197
127, Jul 1975 2621.2 -39.6 UMIL 303 30 - - . - - - +ld - 00 - 0.7 . - -
2 277 Aug, 1975 26522 08.6 UM1 303 30 - +5.1 +53 456 +26 +05 21 - 28 - -3.1 - - -
3 319 Aug, 1975 26564 -04.4 UMl 303 30 - 456 457 453 420 402 23 - 30 -3 - - -
4 1.9 Sep, 1975 26574 034 UMI 303 30 - #53 451 450 421 +05 21 - -8 - -3l - - -
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TABLE II—Continued

(43} 2) 3) 4) ) ©® O @ & (0 (a2 (13 Jd4 (15 (16) (17) 18) 19) (20) @n
pio} Days from [ v
[ UT DATE 2,440,000+ Perhelion SYSTEM arcsec arcsec {0.7] (1.2] [1.6) ([2.X1® {3.6] {4X]* [8XP N [10XF [ILXP [12XF (18] [195] [23]
S 27 Sep, 1975 26582 02.6 UM1 303 30 +52 450 452 420 403 22 29 3.2
6 3.9 Sep, 1975 26594 014 UMI 303 30 +5.6 +57 +50 +18 04 26 -3.0 15 - - -
7 53 Sep, 1975  2660.8 -00.0 UM! 303 30 - - +54 420 04 21 - 29 3.2
8 B8 Sep, 1975 26643 +3.5 UMt 303 30 - +65 463 +60 +20 +05 22 2.9 - 231
COMET BRADFIELD 1980 XV (19801
1 1.8 Jan, 1981 46063 +03.3 UM2 225 30 - 422 418 +14 06 -15 36 - 46 - 4.6 -4.6 - B
2 28 Jan, 1981 46073 +04.3 uM2 225 30 +4l 430 +27 +17 05 -1% 37 - 45 4.5 49 - -
3 3.8 Jan, 1981 46083 +05.3 UM2 225 30 +49 +38 +33 +26 00 -l6 -37 44 4.4 .50 . .
4 97 Jan, 1981 46142 +112 UM2 225 30 +78 +64 +62 +57 +27 +06 22 29 - 29 3.4 - -
5  1197Tan, 1981 46164 +134 UMz 225 30 +82 +T: 47 463 35 +12 -17 - 23 - 2.4 32 -
6 168Jan, 1981 46213 +183 UM2 25 30 - +62 +63 462 435 411 -2 -7 29 37 . .
7 179 Jan, 1981 46224 +19.4 UM2 225 30 +BS5 +72 465+ 419 .15 - 22 - 24 23 - .
8§ 1881Jan, 1981 46233 +203 UM2 25 30 - 468 +75 +68 +43 42 -12 -1.9 21 232 . .
9  218Jan, 1981 46263 +233 UM2 225 30 - +76 +54 432 06 - 12 - 15 2.5 - .
10 229 Jan, 1981 46274 +244 WIRO 83 20 . +6.53 +4.21 +1.02 +0.66 +0.18 -0.05 127
11 229 Jan, 1981 46274 +24.4 WIRO 5 20 - - - - 4701 +466 +156 +109 - +0.55 +0.20 - -0.49
12 24.8 Jan, 1981 46293 +263 UMz 225 30 - - - 460 411 404 0.7 - 08 - - .
MET XITY (1984i
I B3 Aug 1984 59213 033 UM2 225 30 - - - - -0.66 -3.05 -3.63 - 37
2 938 Aug 1984 59223 023 UM2 225 30 - 4500 +4.B4 +3.55 +0.65 -1.07 -2.98 -3.42 -3.66 -
3 108 Aug, 1984 59233 013 um2 225 30 - 448 +45 +35] 4042 -1.16 -3.16 -3.62 - -3.89 - -
COMET MACHHOLZ 1985 VI (1985¢)
1 2475 Jan, 1985 624125 UM2 25 30 +4.2 2456 +44 +15 01 -13 - 19 2.0
COMET AUSTIN (1989¢)
1 23.83 Mar, 1990 797433 -17.14 UM2 225 30 - - -1.0 - - - - - .
2 371 Apr, 1990  7985.21 -6.26 UM2 25 30 +56 +52 +21 01 23 2.9 31 -3.5
3 1278 Apr, 1990 7994.28 +2.81 UM2 225 30 - +53 +15 03 27 3.5 - 37 - -
4 1579 Apr, 190 799729 +58 WIRO S5 S0 +6.91 +5.88 +2.89 +1.04 065 -1.12 -1.48 -1.38 -1.84 2.06
MET -METCALF X (1
1 158 Sep, 1989 77853 +3.86 WIRO 5 27 - - 247.6 +5.58 +4.16 +1.27 +0.87 +0.50 +0.89 +092 062 - R
2 167 Sep. 1989 77862 «4.76 WIRO 5 24 - 2481 2437 +6.36 +3.92 +169 +1.07 +1.15 +0.60 +0.59  +0.30 - R
PBRIMARY CALIBRATOR
VEGA WIRO 5 - 0.00 -0.01 -001 -002 -0.03 -0.03 -0.03 -003 -0.03 -0.03 -0.03 -0.03  -0.03 -0.03
VEGA UML2 225 - 00 00 00 00 00 00 00 00 0O 0.0 0.0 0.0 0.0 0.0

'UML had a 27" square beam which is equivalent to 8 30.3" circular aperture; UM2 had a 20" square beam which is equivalent to a 22.5"
circular aperture; MLOF on 25 March, 1986 UT had a 13.5" square beam which is equivalent to a 15.2" circular aperture.

*Effective wavelengths for the UM system are 2.2, 4.8, 8.5, 10.6, and 12.5pm:; effective wavelengths for the WIRO sysiem are 2.3, 4.9, 8.7,
10, 11.4 and 12.6pm; effective wavelengths for the MLOF system are 2.3,4.9, 8.6, 10.3, 11.3, and 12.8pm.

Many of the arguments in the analysis below are based
upon the assumption that the infrared energy distributions
measure the properties of the optically important grains. It
is known from dust impact measurements with the Giotto
spacecraft that there was a large range of particle sizes in
the coma of P/Halley, and that the differential particle
mass distribution followed a power law (see McDonnell
et al. 1987). A power law grain-size distribution has also

been found to be consistent with the thermal emission
from other comets (see Hanner ez al. 1985a, 1985¢). Jewitt
and Meech (1986) and Jewitt (1991) have argued that the
effective grain radius a for the grains that are optically
important can be determined by computing the optically
weighted mean grain size, assuming that the differential
grain distribution follows a power law of the form
n(a)da = Ka "da, where m lies between 3 and 4.5. If one
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TABLE III

Measured Properties of Comet P/Halley and Six Other Recent Bright Comets

(1) ) [©)] @ (5) ® O @& ©® (0 (1 (12) 13 14 (15} (16} a7n (18}

1 [£3(TR) Ty
¥ UT Dae 2,44%,)000+ P etion SYSTEM AU o T MR MWV AG & a T [aSIR] ewsd
COMET P/HALLEY 1086 Il
1 1211 Dec, 1985 6411.61 -59.35 UM 132 077 242 331 137 3S5x10™ 84x10' 019 54 305 043 1.09 8.88x10°%
2 1306 Dec, 1985 6412.56 -58.40 UM 130 079 244 306 125 1.0x10°% - - 34 19.6  0.44 1.09 2.47x10™
3 1401 Dec, 1985 641351 -57.45 UM 129 080 245 - - 1x10 - - - - 0.45 1.09 2.42x10"
4 2500 Dec, 1985 642450 -46.46 UM 112 102 263 382 145 29x10"  1.Ix10" 028 37 276 062 1.09 5.09x10"
5 30.00 Dec, 1985 6429.50 -41.46 UM 104 112 273 328 120 26x10"  6.5x10™ 020 48 390 076 1.09 3.73x10™"*
6 101 Jan, 1986 643151 -39.45 UM 101 116 277 - - 1.8x10™ - - - - 0.83 1.09 2.36x10"
7 789 Jan, 1986 643839 -32.57 UM 090 129 293 382 130  9xi0"  2.1x10® 019 66 616 118 1.09 8.31x10°"
8 1Ll Jan, 1986 644160 -29.36 WIRO 086 134 300 - - - - - - - 1.36 432
9 119 Jan, 1986 644240 -28.56 WIRO 085 135 302 370 121 3x10 - 40 394 142 432 9.13x10™
10 120 Jan, 1986 644250 -28.46 UM 085 136 302 399 132 1Ix10M 22x10% 018 63 627 1.48 1.09 7.37x10"*
11 127 Jan, 1986 644320 2776 WIRO 084 136 304 375 122 5x10™ - 51 502 148 428 1.45x10™
12 127 Jan, 1986 644320 -27.76 WIRO 084 136 304 375 122 5x10°" 51 $02 148 428 1.45x10™
13 128 Jan, 1986 644330 -27.66 WIRO 084 136 304 375 122  2xi0™ - - 32 318 1.48 9.36 1.26x10™
14128 Jan, 1986  6443.30 -27.66 WIRO 084 136 304 375 122 2x10™" - - 32 318 148 6.36 8.59x10"
15 129 Jan, 1986 6443.40 -27.56 WIRO 084 136 304 375 122 6x10™" - - 56 55 1.48 272 1.10x10™
16 268 Jan, 1986  6457.30 -13.60 UM 066 1.54 343 427 1.24 5x10°" x10™ 017 124 139 3.42 1.04 1.52x10™
17 9.75 Feb, 1986  6471.25 +00.29 UM 059 1.54 362 459 127 29x10™ - - 82 9l 5.36 1.04 5.63x10
18 9.83 Feb, 1986  6471.33 +00.37 WIRO 039 154 362 470 128 210" - - 65 7 5.36 2712 1.01x10™
19  9.85 Feb, 1986 6471.35 +00.39 UM 059 154 362 439 121 3.8xi0™ - - 102 114 536 1.09 7.73x10°"
20 1072 Feb, 1986 6472.22 +01.26 UM 059 154 362 517 143 8x10" - - 106 120 536 1.09 1.64x10™
21 1077 Feb, 1986  6472.27 +01.31 UM 059 154 362 496 137 1.05x10™  28x10" Q21 133 150 5.36 1.09 2.14x10"
22 1188 Feb, 1986 6473.38 +02.42 WIRO 059 153 362 470 128 2.5x10" - . 72 80 5.39 270 1.25x10°
23 1267 Feb, 1986  6474.17 +03.21 UM 055 152 362 496 137 9.1x10™ 236x10™ 021 124 137 5.43 1.09 1.82x10"
24 1274 Feb, 1986 6474.24 +03.28 UM 059 152 362 459 127 1.09x1¢"™  258x10™ 0.19 158 175 5.43 1.09 2.19x10™
25 1467 Feb, 1986 6476.17 +521 UM 060 150 359 402 112 6.51xiGM™  107x10™ 014 159 174 5.14 1.09 1.38x10°
26 1479 Feb, 1986 6476.29 +05.33 UM 060 150 359 427 119  7.3x10™ - - 150 163 5.14 1.09 1.55x10™
27 217 Feb, 1986 648320 +12.24 UM 065 140 345 405 117 2.64x10™  444x10" 015 100 102 400 1.09 7.19x10%
28 27.69 Feb, 1986  6489.19 +18.23 UM 071 129 330 395 120 4.44x10™  12x10M 021 136 128 305 1.09 1.59x10"
29 2770 Feb, 1986  6489.20 +18.24 WIRO 071 129 330 432 130 1.5x10" - - 66 62 3.05 272 1.34x10"
30 2775 Feb, 1986 6489.25 +18.29 UM 071 129 330 448 136 3.7x10™ x10" 021 97 91 3.05 1.09 1.32x10"
31 271 Mar, 1986 649221 +21.25 WIRO 075 122 321 - - - - - - - 2.59 5.32 -

32 271 Mar, 1986 649221 +21.25 WIRO 075 122 321 422 130 9x10'" - - 54 48 2.59 412 1.85x10"
33 4.64 Mar, 1986 6494.14 +23.18 UM 076 120 319 395 124  7.94x10" - - 58 50 2.50 109 3.46x10™
34 6.74 Mar, 1986 6496.24 +25.28 WIRO 080 113 311 367 117 6.5x10% - - 60 50 2.16 412 1.24x10%
35 7.61 Mar, 1986  6497.11 +26.15 UM 0.81 112 309 377 122  464x10M  105x10™ 0.9 153 125 213 1.09 2.37x10"
36 13.62 Mar, 1986 6503.12 +32.16 WIRO 090 097 293 334 113 3.3x10" - - 52 7 1.57 532 1.12x10™
37 13.62 Mar, 1986 6503.12 +32.16 WIRO 090 097 293 367 125 3.5x10" . - 44 N 157 4128 9.53x10"*
38 1563 Mar, 1986 6505.13 +34.17 UM 092 092 290 363 125 1.2x10% 27x16" 019 84 56 1.50 1.09 8.72x10"
39 2058 Mar, 1986 6510.08 +39.12 UM 100 080 278 375 135 6.5x10" 201x10" 024 S8 34 1.25 1.09 5.66x10"
40 235 Mar, 1986 6513.00 +42.04 uM 105 072 272 338 124 1.0x10™ - - 88 46 1.14 1.09 9.57x10**
41 255 Mar, 1986 651500 +44.04 MLOF 108 068 268 1322 1.19 710" 60x10™ 008 81 a0 1.08 158 1.06x10°
42 28.55 Mar, 1936 6518.05 +47.09 WIRO 113 060 262 322 122 25x10" - - 47 21 1.04 432 1.04x10™
T 43 273 Apr, 1986 6547.80 +76.84 MLOF 157 069 222 - - 1.3x10" - - - - 0.24 228 1.24x10"
" 44" 283 Apr, 1986 654880 +77.84 MLOF 159 072 220 - 146 1I1x10% - - 35 176 022 228 1.35x10™
45 121 May, 1986 655171 +80.75 WIRO 163 080 218 291 132 7x10" - - 32 184 0.8 428 1.66x10"
46~ 52 May, 1986 655570 +84.74 UM 169 092 214 - - 1.7x10% - - - - 0.13 109 1.44x10M
47 62 May, 1986 655670 +85.74 uM 171 096 213 280 131 1.06x10"° - - 42 29 0.12 1.09 9.63x10
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TABLE III—Continued

) 2 ® @ ® ® M ® © 1y (n 12) iy ad an a6 amn (1%)
eI )
¢ UTDae 2440000+ Pespelon SYSTEM AU wo B s MR, GV, AG) n?::ts 2 Tr [w%3 -l 512
4 i A max i\ max 4] ¢
COMET KOBAYASHI-BERGER-MILON 1975 IX
VoTmT nlL 1975 26212 2396 UMI 102 032 115 - ~LIxI0" ; . . 289 088 335x107
7 277 Aug 1975 26522 -08.6 UMI D48 099 401 427 106 14x10™  55x10" 028 66 48 190 088 6.48x10™
3319 Aug 1975 2656.4° .04.4 UMI 044 109 419 459 110 L7xI0™ 3210 016 6 50 245 048 6.11x10
4 19 Sep, 1975 26574 .03.4 UMI 044 LIl 419 432 103 LS0™  S2xI0™ 026 66 53 240 088 5.50x10%
S 27 Sep, 1975 26582 026 UMI 043 112 424 432 102 15xI0™ S50 027 66 54 261 088 6.02x10"
6 39 Scp. 1975 26594 014 UM1 043 LIS 424 459 108 24500 320" 012 T4 6 254 088 8.32x10"
7 53 Sep. 1975 26608 00 UMl 043 LI7 424 432 102 [7«l0™ ; .7 61 250 088 5.98x10
8 B8 Sep. 1975 26643 135 UM1 044 124 419 432 103 LSxI0M  17x10® 010 66 60 215 088 6.14x10
ET BRADFIELD 1983 XV (980t
1 18 Jan, 1981 46063 4033 UM2 028 073 525 592 i3 7xio™ 107 05 6 40 229 109 343x107
2 28 Jan, 1981  4607.3 443 UM2 030 075 508 573 113 Txi0™  36x10M 034 81 44 1646 109 4.63x10"
3 38 Jan, 1981 46083 453 UM2 031 077 499 510 102 650"  LSx0M™ 019 99 55 1406  1.09 5.04x10%
4 97 Im 1981 46142 +112 UM2 044 096 419 4327 103 LI0"  1ex10® 012 59 41 278 1.09 471x10"
S 119Jan, 1981 46164 +134  UM2 049 104 397 427 108 Exio® 810 089 0 44 167 109 522510
6 168 Jan, 1981 46213 4183 UM2 061 123 35 386 108 12«10 1910 004 T4 66 59 109 222x10
7 1790an, 1981 46224 +194  UM2 064 127 348 367 105 S5.5xi0" 6x10" 010 56 51 47 109 1.28x10™
8 188 Jan, 1981 46233 4203 UM2 066 130 342 386 113 Sxio® 810 044 48 45 &1 13310
9 218 Jan, 1981 46263 4233 UM2 072 141 328 367 117 3%(0¢ . N 26 109 1.34x10"
10 229 Jan, 1981 46274 144 WIRO 075 144 21 376 LT 650%™ . -’18 12 2m 10™
Ti220Jan, 1981 46274 1244 WIRO 075 144 321 367 LM 50" . .1 176 22 4m 107
12 248 Jan, 1981 46293 4363 UM2 079 151 313 380 121 1x10" . . o® on 17 0 1.03x10"8
COMET AUSTIN 1984 XIII (19843)
1 88 Aug 1984 50213 033 UM2 031 116 499 - - 30" . . 61 933 109 3.50x10"°
2 98 Aug 1984 59223 023 UM2 030 119 S0B 540 106 34x10™  68x107 017 64 S5 1037 109 3.57x10™
3 108 Aug 1984 59233 013 UM2 030 122 S08 524 103 del0™ B0 017 M 65 1012 109 431x107
COMET MACHHOLZ 1985 VIII (1985¢)
1 2475Jun, 1985 6241.25 -4.0 UM2 022 105 593 667 112 Hill - - 23 18 391.6 1.09 2.79x10"
COMET AUSTIN (198%)
1 2383 Mar, 1990 7974.33 74 UMZ 059 136 362 - - Sxio® . - 607 109 8.98x10
2 371 Apr, 1990 798521 626 UM2 030 106 445 450 103 16x10M  34x0™ 017 61 51 313 109 4.67x10"
3 1278 Apr, 1990 799428 4281 UM2 036 096 463 458 099  24xi0™ . . 52 &0 1 422x10™
4 1579 Apr, 1990 799729 +582  WIRO 039 088 445 5$24 1I8 45x10" 1210 021 25 158 490 412 37Bx10%
COMET BRORSON-METCALF 1989 X (19890)
1 158 Sep, 1989 77853 1386 WIRO 045 123 398 408 103 GaI0" ; 15 B3 410 4m 1.8x10™
2 167 Sep, 1989 77862 +476  WIRO 049 125 398 432 109  4x10™ ; .U 9B 1388 4w 121x10"

assumes that there is a lower limit a,, to the grain radius
and that the value of m lies close to 4.5 or even 5 (see
Hayward et al. 1986), then the optically weighted mean
grain size is given by 2a_;, = a = 3a,,,. The effective
radius of the optically important grains in comets is nearly
an order of magnitude larger than the effective radius of
the grains responsible for the general interstellar extinc-
tion. Jewitt and Meech (1986) suggest that the grains incor-
porated in comet nuclei during the formation of the Solar
System could have grown to the larger radii characteristic
of comet grains by accretion in the cores of molecular
clouds. In fact, optical/infrared extinction and polariza-

tion studies provide strong evidence that the grains in the
Orion nebula (Breger e al. 1981) and the Ophiuchus Dark
Cloud (Castelaz er al. 1985) are larger than interstellar
grains. Small grains were detected in the coma of P/Halley
by the Giotto dust detectors, but the differential size distri-
bution flattens out below grain radii of =0.5 um (McDon-
nell er al. 1987, 1991), so that the small grains do not
contribute significantly to the optical scattering and emis-
sion from the coma (see also Hanner 1988, Jewitt 1991).
We assume in the discussion that follows that the grain
radius measured by the infrared emission is the optically
weighted mean defined above.
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We have assumed in our analysis that the grains in
the coma are radiatively cooled, and that heat losses by
conduction to the gas are negligible. In the steady-state
model (see Appendix A), the grains are accelerated to
terminal velocity by momentum coupling to the gas. The
hydrodynamic coupling is through the viscosity of the
plasma. Since the transport properties of viscosity and
thermal conductivity are proportional to each other (and
to T'"%), the grains are thermally coupled to the gas as long
as they are being accelerated by the gas. The density of
the gas in the outflow decreases inversely as the square
of the distance from the nucleus. When the gas mean free
path, which is inversely proportional to the gas density,
approaches the size of the grains, the coupling to the gas
is reduced and both the thermal conductivity and the
viscosity become proportional to the pressure. In general,
we do not know the coma radius at which this condition
occurs, but from this point outward the grains cool radia-
tively, and the relationship between flux and diaphragm
diameter is linear (see Eq. A-4). Visible images of Comet
Levy 1990c with the Hubble Space Telescope show that
this linear relationship holds to diaphragm radii as small
as 0.1 arcsec (Weaver et al. 1992). We therefore believe
that it is safe to assume that cooling of the grains by
thermal conduction to the gas can be ignored for the coma
in the observing diaphragms we used in this study (radii
of 1.1 to 13.5 arcsec).

A. General Morphology of the Energy Distributions

Figures 1-3 display typical infrared energy distributions
exhibited by P/Halley and the six other recent comets
measured in this study. We have included the energy
distributions of the coma, tail, and anti-tail of Comet Ko-
houtek (Ney 1974a) in Fig. 1 for comparison. In all cases
(except Machholz, which was too faint for our O’Brien
detector at short wavelengths) there was a clearly defined
visible/near-infrared continuum due to reflected sunlight
and a thermal-infrared component due to thermal emis-
sion from dust. Both these components have been ob-
served previously in many comets (see Ney 1982a). The
comets in our study appear to fall into two basic classes
based upon their thermal infrared dust emission (Figs. 2
and 4-6): I, those that show continuum emission with low
superheat and weak or muted silicate emission features
(designated IR Type I by Gehrz et al. 1989), and 11, those
that have optically thin 10- and 20-um silicate emission
features (Woolf and Ney 1969) superimposed on a super-
heated thermal infrared continuum believed to be caused
by emission from small carbon or iron grains (designated
IR Type I1 by Gehrz et al. 1989). The IR Type I/11 designa-
tion assigned by Gehrz er al. (1989) was based upon the
fact that the IR Type I comets had Type I (ion) tails, and
the IR Type II comets were characterized by the presence
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FIG. 1. Typical coma energy distributions for P/Halley when the
10-um silicate emission feature was present (10.77 February 1986 UT)
and absent (25.5 March 1986 UT) showing the scattered solarand thermal
continua. Statistical errors are smaller than the plotting symbols. R is
the heliocentric distance in AU, A is the geocentric distance in AU, A
is the albedo, and § is the superheat. The energy distributions of the
coma, dust tail, and antitail of Comet Kohoutek are included for compari-
son (data for Ney 1974a). Also shown are blackbody energy distributions
corresponding to the black sphere temperature at the heliocentric dis-
tance of each comet as given by Eq. (3).

of prominent Type II (dust) tails. It is evident from Figs.
1 and 3 that there were occasions upon which P/Halley,
normally an IR Type Il comet, became an IR Type I
comet.

The differences between the dust emission from IR
Types I and II comets could be caused by effects that are
dependent upon grain size. The energy distributions of
the IR Type II comets are similar to those of Kohoutek’s
Type Il dust tail and coma which were composed of small
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The energy distributions of six recent bright comets compared to P/Halley. The quantities R, A, A, and § are as defined in Fig. 1.

Statistical errors are smaller than the plotting symbols. Panel (a) shows comets whose energy distributions are characterized by 10- and 20-um
silicate features superimposed on a smooth continuum caused by thermal emission from carbon or iron grains. Panel (b) shows the IR Type I

comets in our survey.

grains (less than | um in diameter)

silicate component. IR Type I comets have energy distri-
butions more like that of the anti-tail of Comet Kohoutek.

with an optically thin

Ney (1974a) has argued that the anti-tail is composed of

‘‘gravel’”’ (diameters greater than 1 mm) in the plane of
the comet orbit (see also Sekanina 1974a,b, 1976). The
coma and dust-tail grains of Kohoutek and the coma grains
of the IR Type 1I comets are superheated as defined in

B. Comet Grain Properties

Section B, the anti-tail grains of Kohoutek are not super-
_heated at all, and the superheat of the coma grains of the
IR Type I comets is small.

Spectral energy distributions of the comets in our sam-
ple (Table II and Figs. 1~7) can be used to determine:
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FIG. 3. The 7- to 14-um energy distribution of P/Halley showing temporal variations observed in the contrast of the 10-um silicate emission
feature. R and § are as defined in Fig. 1. Statistical errors are smaller than the plotting symbals. The silicate feature was occasionally weak or
absent for heliocentric distances both less than and larger than 1 AU. On 25.5 March, when the signature was absent, the albedo of P/Halley fell
to about 0.08. The blackbody curves were determined from the continuum outside the feature.

1, the mineral content of the grains; 2, the rough size
distribution of the grains responsible for the thermal infra-
red emission; 3, some structural properties of the grains;
and 4, the temporal variability of these properties.

The mineral composition of comet grains. The 10-and
20-um emission features in the IR Type Il comets indicate
that there is an optically thin silicate dust component
in the coma. These features, observed first in a comet
(Bennett 1969i) by Maas er al. (1970), suggest that IR
Type II comets contain the same type of silicate materials
observed in the circumstellar shells of cool supergiant
stars (Woolf and Ney 1974). Silicate emission features are
usually, though not always, present in P/Halley spectra
as discussed below (Figs. I and 3). Recent determinations
of the composition of P/Halley's coma grains by the
Giotto P1A mass spectrometer appear to confirm the pres-
ence of iron-magnesium silicate material in the inner
coma (Kissel et al. 1986). The thermal continuum radia-
tion from 3 to 8 um that is present in both IR Type I and
IR Type II comets is believed to be due to carbon or iron
(Ney 1982a); we assume in the following discussion that
the material responsible for this thermal continuum emis-
sion is carbon.

P/Halley is the only periodic comet among the seven
observed in this study; the remainder are new comets.
Although previous studies (Ney 1974a, 1982a) had sug-
gested that silicate signatures were muted or missing in
periodic comets and that new comets usually have strong
10- and 20-um emission features indicating the presence
of small silicate grains, the additional data we present here
leads to the conclusion that the presence or absence of
small silicate grains does not necessarily depend upon the
processing history of the nucleus. Indeed, as shown in
Fig. 2, the old Comet P/Halley has stronger silicate emis-
sion than any of the new comets in our sample, and there
are at least two examples of new comets (KBM and Austin
1984) that have no small silicate grain component. The
superheat of the continuum emission from these last two
is quite small, suggesting that they have large grains like
the anti-tail of Comet Kohoutek (Fig. 1); the grains in this
case may be larger than hundreds of micrometers. Telesco
et al. (1986) have concluded that the dust tail of Comet
Giacobini-Zinner was composed of dust grains with radii
as large as =300 wm. In the case of the comets with
optically thin silicate emission features, the super heat is
high enough to signify that grains with radii as small as
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TABLE IV
Mean Properties of Selected Bright Comets'

NAME SPECIAL BELECTION BILICATE EMISSION 8

CRITERIA, COMMENTS EXCESS {<8>~1

IN MAGNITUDES X100)

1975 IX Extreme IR Type I Comet 0.18 & 0.03 5 +1
1980 XV IR Type I Comet 0.33 % 0.07 11 & 2
1984 XIII Extreme IR Type I Comet 0.13 & 0.03 S t2
1985 VIII IR Type I Comet 0.25 ?
1989¢,; IR Type I Comet 0.20 £ 0.08 746
1989 X IR Type I Comet 0.11 £ 0.11 6 %3
Bennett Extreme IR Type II Comet 1.08 £ 0.11 37 t 9
Kohoutek IR Type II Comet 0.68 % 0.11 22 £ 3
West IR Type II Comet 0.66 * 0.10 34 7
IR Type I Average over all

IR Type Comets above 0.24 ¢t 0.03 8 +1
IR Type II Average over all IR

Type II's above 0.76 & 0.08 29 3
P/Halley Average of all days 0.53 + 0.04 27 ¢ 1

1 The errors quoted here are the standard deviation of the mean Or

of all measurements of a given comet, or grouping of comets.

0.5to I um dominate the emission from the center of the
coma.

A Kkey issue is whether the continuum emission and the
silicate emission features are from separate grain distribu-
tions, or whether both spectral components are emitted
by composite, fluffy aggregate grains having either the
“‘cluster-of-grapes’’ morphology exhibited by interplane-
tary dust particles (IDPs) collected in the atmosphere and
oceans of the Earth (Brownlee 1987, Brownlee ef al. 1980,
Fraundorf er al. 1982) or the core/mantle structure as
proposed by Hanner et al. (1981), Greenberg (1982, 1986),
and Greenberg and Hage (1990). Gehrz e? al. (1989) have
argued that the presence or absence of the 10- and 20-um
emission features can be explained by grain size effects
alone. We present evidence in the discussion below that
our albedo measurements and the correlation between
superheat and 10-um silicate emission strength (Table IV,
Fig. 6) appear to favor the composite grain hypothesis.

Superheat as a grain size indicator. P/Halley and
other IR Type Il comets are characterized by an elevation
of the temperature of the thermal infrared continuum con-
siderably above the black-sphere temperature appropriate
to the comet’s heliocentric distance. Ney (1974a, 1982a)
has suggested that the grains in these comets are super-
heated because they are too small to radiate like blackbod-
ies. A quantitative measure of the relationship between
the grain radius and the grain temperature T, can be
established by setting the power absorbed by the grain
from the solar radiation field equal to the power emitted
by the grain in the thermal infrared,
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where r is the heliocentric distance, a is the grain radius
in centimeters, Ly = 3.826 x 10* erg sec™! is the solar
luminosity, o = 5.6696 x 1075 erg cm~? deg™* is the
Stefan-Boltzmann constant, and Q,(a, T) and Q.la, T)
are the Planck mean absorption and emission coefficients
(see Gilman [974). Q, is the absorption efficiency of the
grain averaged over the energy distribution of the illumi-
nating source (the Sun), and Q, is the thermal emission
efficiency of the grain at 7. Solving Eq. (1) for the grain
temperature yields

3 LOQa 1/4
Ty = [I67ra'r2Qe:| ’ @)

which gives the black sphere temperature Tgp,
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Tgp =

in the case when Q, = Q, = 1, where r, is the heliocentric
distance in AU (1 AU = 1.4960 x 10"* cm). Equation (2)
demonstrates that for small grains where Q, < Q,, the
grain temperature must rise above the black-sphere tem-
perature in order for the grain to come to radiative equilib-
rium. Equation (3) defines a lower limit to the temperature
that comet grains can assume as a function of heliocentric
distance.

We define the superheat § = T, /Typ as the ratio of the
observed carbon-grain temperature to that expected for a
perfectly conducting black sphere at the same heliocentric
distance. Assuming that the infrared color temperature
of the grains T, measures the physical temperature of
the grain T,., Egs. (2) and (3) can be combined to show

gr>
that § measures the fourth root of the ratio of Q, to

Q..

Tobs liQa]”4
§=o 22 4
TBB Qe ( )

where the right-hand side is unity for large grains and
becomes progressively larger as the grain size decreases.
T, and T, are equivalent in cases where the grain emis-
sivity does not vary significantly over the spectral region
used to define the color temperature. Our determination
of the carbon continuum color temperature was heavily
weighted by measurements in the 2.3- to 8.7-um spectral
region where the emissivity is approximately constant for
small carbon grains with radii larger than about 0.5 um
(see Temi er al. 1989), and we believe that the color tem-
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peratures given in column 9 of Table II1 are representative
of the physical grain temperatures. Some comets, includ-
ing P/Halley, show weak hydrocarbon emission at 3.28
pm (Brooke ef al. 1986, 1988, 1991), and silicates can
contribute weakly to the 8.6-um emission. Neither of
these emission contributions significantly affects the con-
tinuum color temperature for the cases studied here.

We calculated the superheat as a function of grain radius
a and temperature T,, for small carbon grains illuminated
by the solar radiation field using the Planck mean absorp-
tion cross sections for graphite grains published by Gilman
(1974). The Sun was assumed to radiate like a blackbody
with an effective temperature of 5800 K. Our results are
plotted in Figs. 4-6.

The dependence of the grain temperature on heliocen-
tric distance (Fig. 4) shows that the grains in P/Halley
(Fig. 4b) were superheated compared to those in the re-
maining comets in this survey (Fig. 4a). In both cases, it
is evident that the grain temperature falls as the square
root of the heliocentric distance. All of the comets plotted
in Fig. 4a are IR Type 1, which have relatively large
grains. We believe that the comparison of various comets
presented in Fig. 4c provides a powerful demonstration
that Eq. (3) defines the lower limit to the temperature of
comet dust. The comet dust trails detected by the Infrared
Astronomical Satellite IRAS (Sykes er al. 1986, Sykes
and Walker 1992) and the anti-tail of Comet Kohoutek
(Ney 1974a) are included in the summary comparison
presented in Fig. 4c. The particles in comet dust trails and
Kohoutek’s anti-tail are expected to be large compared to
the grains in the inner coma, and they therefore provide
an excellent indication of the lowest temperatures that
can be attained by cometary solids.

The cross-hatched region in Fig. 5 shows the range of
grain temperatures and superheats recorded for P/Halley
(Table TIT). We conclude that P/Halley’s coma continuum
emission was usually produced by grains with radii be-
tween 0.5 and 1 um. There were occasional episodes
when P/Halley’s grains appeared to be as large as 5 um
(Fig. 5). It is apparent from Fig. 5 that grains larger than
6-7 um probably populate the comae of the average IR
Type I comet.

An examination of similar data on the thermal emission
from other extreme IR Type II comets (Maas ef al. 1970,
Ney 1974a,b, 1982a) leads us to conclude that their comae
have small grains similar to those in the coma of P/Halley.
On the other hand, the thermal emission from the comae
of the most extreme IR Type I comets observed in the
current study appears from Table III and Fig. 5 to be
predominantly from large grains. The superheat in Comets
KBM, Bradfield 1980 XV, Austin 1984 XIII, and Austin
1989¢, was frequently low enough to imply that the coma
grains were as large as 20 um. The absence of strong
silicate emission in the IR Type I comets (Fig. 2b) may
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also indicate the presence of large silicate grains. Ordi-
narily, the absence of the 10-um silicate emission feature
is taken to indicate that the grains are carbon or iron.
However, Rose (1979) reported laboratory experiments
demonstrating that olivine grains with radii =10-20 um
had weak 10-um emission features and that grains larger
than 37 um exhibited no feature at all.

Although there is no reason to believe a priori that
the size distributions of the carbon and silicate grains in
comets are related, our data show that there is a fairly
strong correlation between superheat and 10-um silicate
emission excess (Table IV and Fig. 6), with silicate emis-
sion increasing as superheat increases. Ney (1982a) noted
a similar tendency among a smaller sample of comets.
Several interpretations of this result appear plausible. It
is possible that the grain-size distributions of the carbon
and silicate particles are quite similar, so that the pro-
cesses that apparently deplete the small particles in the
IR Type I comets affect both types of particle similarly.
Alternatively, the comet grains may be highly irregular
fluffy aggregates of silicate and carbonaceous grains. Two
possible forms for these aggregates are the “‘cluster-of-
grapes”> morphology exhibited by the IDPs described by
Brownlee (1987), Brownlee et al. (1980), and Fraundorf
et al. (1982) and the silicate—core/carbon—mantle particles
suggested by Greenberg (1982, 1986). In the case of aggre-
gate particles, both the continuum emission and the sili-
cate emission arise from the same particles, and increasing
particle size naturally leads to a suppression of both the
superheat and the silicate emission feature (see the discus-
sion of the large grains in Comet P/Encke by Gehrz et al.
1989). Both scenarios require that the IR Type I comets
be relatively depleted of small particles.

We have plotted values averaged over all measurements
of each comet in Fig. 6. Despite the strong correlation
between superheat and silicate excess, there were occa-
sional episodes for some comets when low superheat was
accompanied by strong silicate emission (e.g., Bradfield
1980 XV, Days +3.3and 4.3), and vice versa (e.g., Austin
1989¢c,, Day +5.82). There may be conditions under
which the carbon and silicate components can be affected
independently.

The albedo of comet dust and the structure of the
grains. Following the arguments presented by Van de
Hulst (1957), Hanner et al. (1981), and Eaton (1984), we
define a bolometric albedo A for small grains by the rela-
tionship

fvis_ A
) fr 1-A" )

where the left-hand side of Eq. (5) is the ratio of the energy
scattered in all directions to the total energy removed
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FIG. 4. The observed coma continuum temperature T, plotted as a function of heliocentric distance for (a) the six comparison IR Type I
comets observed in the present survey (open circles) and comet Crommelin 1983n (datum from Hanner et al. 1985b), (b) Comet P/Halley, and (c)
Comet P/Halley compared with the IR Type I comets with the lowest superheat from this survey, Comet Crommelin 1983n, the anti-tail of Comet
Kohoutek, and the cometary dust trails detected by the Infrared Astronomical Satellite IRAS (data from Sykes and Walker 1992). Crommelin
1983n is the darkest comet known. The comet dust trails detected by IRAS (Sykes et al. 1986, Sykes and Walker 1992) and the anti-tail of Comet
Kohoutek (Ney 1974a) shown in panel (c) are believed to be composed of large particles and therefore provide an indication of the lowest
temperatures that can be attained by cometary solids. The solid line given by Eq. (3) evidently sets the lower limit to the temperature that comet
grains assume as a function of heliocentric distance. It is apparent that P/Halley shows a much larger temperature excess on the average than do
the comparison comets. In both cases, the data are consistent with an r~'? dependence for the temperature.

from the incident beam, f,;; is the apparent intensity inte-
grated over all scattering angles due to scattering of solar
radiation, and fi is the integrated apparent thermal emis-
sion due to reradiation of the absorbed component. In the
case of small comet grains, the quantity in the numerator

of the left-hand side of Eq. (5) must be derived from
measurements of the visible/near-infrared energy distri-
bution of the coma at all phase angles, because the scatter-
ing phase function is highly anisotropic (see Van de Hulst
1957, Bohren and Hufmann 1983, Hanner ef al. 1981).
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FIG. 5. The superheat S plotted as a function of grain radius a and
temperature T, for small carbon grains illuminated by the solar radiation
field, assuming that the Sun has an effective temperature of 5800 K.
Curves are based on Gilman’s (1974) calculations of the Planck mean
absorption cross sections for graphite grains. The range of grain tempera-
tures and superheats recorded for P/Halley confirm that its coma contin-
uum emission was usually produced primarily by particles with radii
between 0.5 and | micrometer. When P/Halley exhibited IR Type |
characteristics, its coma grains may have been as large as 5 pum. Typical
IR Type I comets as characterized by the remaining comets in this
survey have an average superheat of § = 1.08, suggesting the presence
of grains with radii as large as 10 zm.

Since the energy removed from the beam is that absorbed
by the grains and therefore reemitted by them in the infra-
red, the quantity in the denominator can be determined
by measurements of the thermal infrared energy distribu-
tion of the coma. For a scattering angle 8, the bolometric
albedo as a function of scattering angle A(6) given by
the integrated scattered and emitted energy distributions
follows from Eq. (5) as
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__Jf©
A(0) = 1 10 (6)

where

=fvis(6) = [}\fA(ViS’ 0)]max
[0 INAAR, O)ar

f(6) %

In Eq. (7), f,:(6) and fiz(6) are the integrated apparent
intensities in the scattered and thermal energy distribu-
tions of the coma, respectively, for the scattering angle 6.

The mean bolometric albedo A averaged over all scat-
tering angles is then given by

-1 | " A() db. ®)
mJ0

The scattered and thermal energy distributions of comets
can be closely approximated by blackbody energy distri-
butions. We show in Appendix A that, for black body
radiation, the integrated intensity F is related to the maxi-
mum of the (\F,) function by F = 1.36(AF))p,- The
quantities [A(vis)]pax and NAIR)] g, for P/Halley are
plotted as a function of r in Fig. 7.

We have examined the scattering phase function of
comet grains for a number of comets by measuring the
ratio of the solar energy reflected by the grains to the
absorbed solar energy reemitted by the grains as a func-
tion of phase angle (Fig. 8). Comets West 1976 VI (1975h)
(Ney and Merrill 1976) and Bradfield 1980 XV (Tables
I-I1I) passed between the Earth and the Sun, enabling us
to make an excellent determination of A(6) for typical
comet grains at scattering angles between 30° and 150°
(Fig. 8a). Our observations of these comets near inferior
conjunction showed that typical comet grains have a mod-
erately strong forward-scattering peak as would be ex-
pected for small particles (Fig. 8b). There is no evidence
in our comet data for a backscattering peak that would be
expected for spherical particles (Fig. 8b), and the forward-
scattering lobe for comet dust is lower than that expected
for spherical particles (Fig. 8b). Typical comet grains as
defined by the data on Comets West and Bradfield 1980
XV have a mean bolometric albedo of A = 0.32, and A(9)
~ (.15 for scattering angles between 120° and 180°.

The flattened forward-scattering lobe and the absence
of a pronounced backscattering peak in A(6) for comet
dust (Fig. 8a) strongly suggest that the comet grains are
nonspherical and, perhaps, fluffy aggregates as suggested
by Hanner et al. (1981), Greenberg (1982, 1986),
Greenberg and Hage (1989). Figure 8b shows A(0) derived
from laboratory data for small cloud chamber droplets
(from the data presented by Webb 1935 and Wilson 1951),
nonspherical particles (Bohren and Hufmann 1983), and
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FIG. 7. The activity of the nucleus of P/Halley as a function of heliocentric distance at (a) visible and (b) infrared wavelengths as measured
by variations of the apparent intensities [Af,(V)},., and [Afi{(IR)],..,. respectively. The coma model described in Appendix A has been used to
correct the data for emission in the reference beam and to normalize the apparent intensities to a geocentric distance of A = 1 AU and a beam
diameter of 20 arcsec. Statistical errors are smaller than the plotting symbols. The parallelograms superimposed on panels (a) and (b) show that
P/Halley generally brightened proportionally to r~% as predicted by the theory of nuclear activity described by Egs. (9) through (12), but varied

by almost a factor of 10 on short time scales.
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FIG. 8. The albedo of comet grains as a function of scattering angle as measured by the ratio of the scattered to the reemitted (absorbed)
radiation. Panel {a) shows data for West 1975h (data for Ney and Merrill 1976) and Bradfield 1980 XV (data from this paper) that define the albedo
of cometary grains for scattering angles between 30°and 150°. The flattened forward scattering lobe and the absence of a pronounced backscattering
peak suggest that the comet grains are nonspherical and, perhaps, fluffy. Panel (b) shows laboratory data for small water droplets in cloud chambers
(from the data presented by Webb 1935 and Wilson 1951) and nonspherical particles (Bohren and Hufmann 1983, Hanner ez al. 1981). Panel (c)
shows data for P/Halley for scattering angles between 114° and 165°, illustrating that P/Halley's grains were highly variable in albedo, but on the
average were about the same as the grains of the comets in panel (a). Panel (d) shows data for Comet West 1975h (data from Ney and Merrill 1976),
Crommelin 1983n {(datum from Hanner es al. 1985b), and all the comets for which new data are reported in this paper with curve 3 from Fig. 5b
superimposed for comparison. The side scattering albedo of comel grains generally lies in the range 0.1 < A = 0.3, and the grains of individual
comets can display a high degree of variability in albedo. To our knowledge, Crommelin is the darkest comet on record.
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fluffy aggregates (Hanner et al. 1981). The comet data
are consistent with the curves for nonspherical particles
and fluffy aggregates. These characteristics are also con-
sistent with theoretical results for “‘fluffy” aggregates
(Greenberg 1982, 1986).

Figure 8¢ shows A(8) for P/Halley for scattering angles
between 114° and 165°, indicating that P/Halley’s grains
were highly variable in albedo, but on the average had a
side-scattering albedo similar to that of the grains of the
comets in Fig. 8a. We were able to observe P/Halley at
backscattering angles out to 165° near perihelion passage.
Any backscattering increase appeared to be small.
P/Halley’s dust coma had an average albedo of A(§) =
0.20 at a scattering angle of 130°, making it slightly brighter
than the comae of average comets at phase angles from
120° to 165°. This would be expected for an extreme IR
Type II comet with a significant small silicate grain com-
ponent. We note that the lowest side-scattering albedo we
observed for P/Halley (A(8) = 0.08) occurred when the
[0-um silicate emission feature was absent. Both of these
indicators are consistent with a coma at these times that
was populated predominantly by large grains.

Figure 8d shows A(8) for Comet West, Comet Crom-
melin 1983n, and all the comets for which data are re-
ported in this paper. We conclude that the side-scattering
albedo of comet grains generally lies in the range 0.1 =<
A = 0.3, but that the grains of individual comets can
display a high degree of temporal variability in albedo
during an apparition.

Variations in the silicate emission feature and al-
bedo. Variations in several grain composition indicators
were observed for P/Halley. Our data (Fig. 3) and addi-
tional infrared data obtained by Hanner er al. (1987) and
Tokunaga et al. (1986 and 1988) at the NASA Infrared
Telescope Facility (IRTF) show that P/Halley’s silicate
emission feature was occasionally weak or absent. Al-
though this behavior usually occurred at heliocentric
distances greater than 1 AU, there were several occa-
sions when this behavior occurred at small heliocentric
distances (e.g., 26.8 January 1986 UT and 14.67 Febru-
ary 1986 UT). Furthermore, our data show that the
strength of the 10-um silicate emission feature varied
significantly when P/Halley was inside a heliocentric
distance of 1 AU (Fig. 3). Ryan and Campins (1991)
reached a similar conclusion based upon a more limited
data set.

The disappearance of the silicate signature for distances
greater than I AU was previously noted for Comet Ko-
houtek by Rieke et al. (1974). Comet Bradfield 1980 XV
(Ney 1982a and Tables I-I1I of this paper) clearly was an
IR Type 1l comet near perihelion (Fig. 2a), but showed
no silicate emission beyond r = 0.6 AU.

On one occasion when P/Halley's silicate feature was
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missing, the dust albedo fell as low as 0.08 (Fig. 8). A
similar correlation between silicate signature strength and
dust albedo is clearly evident for Comet Bradfield 1980
XV (this paper, Table I1I) and was noted in Comet Brad-
field 1974b by Ney (1974b).

C. The Physics of the Nuclear Ablation Process

Our observations provide information about the nature
of the nuclear ablation process by (i) showing that produc-
tion rate and outflow of grains from the nucleus nominally
conforms with the steady-state model, (ii) establishing the
amplitude of short-term temporal variations in the activity
of the nucleus, and (iii) measuring the mass loss rate of
the solid material.

Constraints on models of the production and outflow of
coma grains. We made nearly simultaneous observa-
tions of P/Halley with several diaphragms on four sepa-
rate occasions using the O’Brien and WIRO telescopes
and obtained multiaperture photometry of Comet Brad-
field 1980 XV during a time span of about 1 hr on one
occasion from Wyoming. These multiaperture measure-
ments can be interpreted in terms of the steady-state
model of nuclear activity described in Appendix B. In this
model, grains are released from the nucleus at a constant
rate and flow outward from the nucleus at constant veloc-
ity. Reitsema ef al. (1989), in an elegant study, showed
that the visible images of the inner coma of P/Halley by
Giotto were consistent with the interpretation that the
individual active areas on the nucleus behave according
to the steady-state model.

Our multidiaphragm observations of P/Halley and
Comet Bradfield 1980 XV (Fig. 9) show that the coma flux
was usually proportional to ¢ and that the steady-state
grain production model was valid for times as great as 0.25
days (6 hr) on most occasions. Possible jet-like activity
developing rapidly on time scales of a few hours is sug-
gested by our P/Halley observations on 9.83 February
1986 UT, when the average flux recorded in a 20-arcsec
beam at O’Brien was less than that expected from the flux
recorded in an 8.3-arcsec beam at WIRO. The sudden
activation of an intense gas jet, similar to those seen in
the Giozto images (Keller et al. 1986), appears to provide
a plausible explanation for the 9.83 February measure-
ments. One set of infrared imaging observations, obtained
a few hours prior to the Giotfo encounter by Hayward et
al. (1986), tends to confirm the hypothesis that the infrared
variations may be profoundly affected by jets releasing
material on the sunward side of the nucleus.

Activity in comet nuclei. Figures 7 and 10 summarize
the activity of the nuclei of P/Halley and the six other
recent bright comets studied in this work as measured by
the infrared luminosities of their comae. In Fig. 10, we
have included schematic representations of the average
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function of aperture diameter. The coma model described in Appendix
A has been used to correct the data for emission in the reference beam.
The data are generally consistent with a constant production rate of
grains in a constant velocity outflow (the steady-state model described
in Appendix A).

activity of some of the other bright comets we have mea-
sured previously (Ney 1982a, Gehrz et al. 1989). The
activity in most comets is proportional to r~*both preced-
ing and following perihelion passage with small superim-
posed variations. Comet West 1976 VI (1975h) brightened
significantly after perihelion because the nucleus broke
into four parts. Encke probably behaves differently than
most comets because of an appreciable contribution to
the thermal emission by the nucleus itself (Gehrz et al.
1989).

The apparent infrared intensity f,(IR) of an optically
thin comet coma in a beam of angular diameter ¢ radians
that is much smaller than the angular extent of the coma
follows from Egs. (2), (A-4), and (A-6), to be

_ 7TU2Qc0' T:bsjl Q_dﬂ - azQaLG] ¢ dN 9)
4V, |adr |e4v, JrAdr

where Q, and Q, are, respectively, the Planck mean ab-
sorption and emission coefficients for the grains as defined
by Gilman (1974), where r and A are the heliocentric and
geocentric distances in centimeters. If the grain produc-
tion rate as a function of heliocentric distance dN(r)/dt is
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directly proportional to the intensity of the solar radiation
incident upon the nucleus, then

dN() _ dN(rp) [53]3
i~ dt Lr]’

where r, is the perlhehon distance, dN(r,)/dr is the grain
productlon rate in grains sec™' at penhellon and r is the
heliocentric distance. Combining Eqs. (9) and (10), we
find that the apparent coma intensity is

(10)

9 dN(p) ¢
rA  dt ria’

a-—QaLO] (1

fo(R) = [ AV,
An interesting variation of the relationship expressed by
Eq. (11) occurs in the case when the luminosity of the
coma is generated by emission from small silicate grains
for which the emission efficiency is proportional to the
grain radius a (Gilman 1974). In this case, the apparent
infrared intensity of the coma is directly proportional to
the total mass M,, of the grains,
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FIG. 10. The infrared activity of the nucleus of P/Hailey compared
to that of the nuclei of other recent bright comets as a function of
heliocentric distance as measured by variations in the quantity
[Af{(IR}}s - The coma model described in Appendix A has been used
1o correct the data for emission in the reference beam and 1o normalize
the apparent intensities to a geocentric distance of A = 1 AU and a
beam diameter of 20 arcsec. Comets Bennett 1970 I, Kohoutek 1973f,
West 1975h (Ney 1982a), and P/Encke (Gehrz er al. 1987) are shown for
comparison; the step function in activity for West near perihelion was
caused by the breakup of the nucleus. An r™ activity model adequately
describes the heliocentric brightening of almost all comets. P/Halley
exhibited large variations about the canonical law.
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.M,
S(IR) = sz\(—b- (12)

It is evident from Eq. (11) that the approximation quan-
tified in Eq. (10) for the apparent luminosity of comets
implies a dependence of r~* for both the energy absorbed
and the energy reemitted. The quantity (Af,),.. for the
thermal emission is a measure of the energy reradiated
and is equal to the energy absorbed. It is a better measure
of a comet’s intrinsic brightness than short-wavelength
reflected light measurements because of the variation in
albedo with phase angle.

Both short-term and long-term variations in comet nu-
cleus activity that are superimposed upon the r~* radial
dependence can be readily evaluated by examination of
the quantity given in column 18 of Table III. This quantity
has been normalized using Eqgs. (11), (B-1), and (B-2) to
give the flux expected in a standard circular 20-arcsec
diameter diaphragm for an infinite reference beam throw
with the comet at a standard heliocentric distance of r =
I AU and a standard geocentric distance of A = 1 AU.

In the comparison with the six other comets observed
in this work (Fig. 10), P/Halley (Fig. 7) is seen to exhibit
more frequent large-amplitude variations about the »~*
brightening law than is usually the case. Overall, we found
that P/Halley varied in brightness by a factor of up to 7
on time scales of a few hours and days and by a factor of
10 overall compared to the expected rate of brightening
with changing heliocentric distance; its thermal emission
was as dim on some occasions as that of Kohoutek 1973f
and as bright as that of Comets Bennett 1970 II and West
1975h on others. The large variations of P/Halley are also
apparent in the scattered component (Fig. 7).

Our data enable us to draw several conclusions with
regard to the activity of the nucleus and coma of P/Halley:

(1) Neither the large short-term variations nor the long-
term variations in the bolometric infrared emission from
P/Halley appear to correlate in any detail with the visible
variations reported by Green and Morris (1987) and Millis
and Schleicher (1986). Green and Morris (1987) found
that the heliocentric dependence of the integrated visible
magnitude of P/Halley’s coma varied asymmetrically
about perihelion passage, with the comet being signifi-
cantly brighter postperihelion. Our data show that both
the heliocentric dependence of the scattered light (Fig.
7a) and the thermal emission within a 20-arcsec beam
were comparable pre- and postperihelion. Both our data
and those of Green and Morris show large-amplitude
short-term variations, but there is no detailed correlation
between the intensity variations seen in our small beam
with those exhibited by the entire coma.

(2) Millis and Schleicher (1986) and Schleicher et al.
(1990) reported visual photometry showing periodic varia-
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tions on a time scale of 7.4 days that they attributed
to activity associated with the illumination of different
regions of the nucleus. Although there is no obvious tight
correlation between the variations exhibited in our data
and those reported during overlapping periods by Millis
and Schleicher (1986), both our data sets appear to be
consistent with the inner coma being fainter in visible
emission around 20 March 1986 and brighter around
March 15, 23, and 25.5. We conclude that our data are
consistent with the interpretation that the infrared varia-
tions in P/Halley resuit from rotation of the nucleus, pre-
senting active and passive surfaces to the Sun. Both
Giotto images (Keller et al. 1986) and the groundbased
10-um infrared images made during the Giotto passage by
Hayward et al. (1986) suggest the presence of localized
active jets on P/Halley’s nucleus which could account for
such behavior.

(3) McFadden er al. (1987) and Rettig er al. (1987) noted
a marked brightening of P/Halley in several visible emis-
sion bands during 23-25 March 1986 UT. Our data do not
show any conclusive evidence of unusual brightening in
either the scattered or the thermal emission from the inner
20 arcsec of the coma at the beginning and end of this
period.

Dust mass loss rates of comet nuclei. The dust mass
loss rate dMp/dt caused by the ablation of dN/dr grains
sec ! from the comet nucleus, each having density pgr and
radius a, is

My _ AN _dw  idN
dt & dt 3 Per dt’

(13)

where m,, is the mass of a single grain. Combining Eqgs.
(9) and (13), we find that

dMy, 2567 apy ., r’A
T = 35860 ) na] =3 —E—LO Qav0 el (14)

where V; is the grain ejection velocity and (Af)).« IS
obtained by correcting the intensity given in Table III,
column 11, for beam throw effects using Eq. (B-1). Pre-
suming that the grains are accelerated to terminal velocity
by momentum coupling to the gas, V, is of the order of
the sonic velocity in the gas (Finson and Probstein 1968)
which is given with the aid of Eq. (3) by
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_ S x 1¢0* . .

——rl—m—cmsec‘ =(0.5kmsec™', (15)
A

where Ty is the blackbody temperature at the heliocentric
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FIG. 11. The dust mass loss rates (normalized to a grain radius of 1 um and a geocentric distance of A = 1 AU)asa function of heliocentric

distance (a) from the nucleus of P/Halley and (b) from the nucleus of P/Halley in comparison with the nuclei of the IR Type I comets in this survey.
The coma model described in Appendix A has been used to correct the data for emission in the reference beam and to normalize the apparent
intensities to a geocentric distance of A = | AU and a beam diameter of 20 arcsec. P/Halley showed substantial bursts of activity superimposed
on the canonical #~2 law. The dust mass loss rates of the IR Type I comets shown here may be multiplied by a factor of 10 if it is presumed that
their comae are composed primarily of 10 um grains. In this case, their dust mass loss rates are equivalent to the rates inferred for dusty IR Type

IT comets like P/Halley.

distance r, in AU of the comet. Given the very weak
dependence of V, on r, we use the approximation that V,
=~ 0.5 km sec~!in the analysis that follows. We concluded
above that the observed superheat S for the IR Type II
comets discussed herein suggests a typical grain radius of
a=~1pum = 107 cm for the carbon grains responsible
for the continuum emission. Typical IDP aggregates have
a density of =1 g cm™3, while pure carbon and silicate
grains would have densities of ~2-3 g cm 3. We conclude
that a typical comet grain can be presumed to have a
density of =1 g cm ™3 (see also Hanner 1988). Using Egs.
(14) and (15) witha = | pm, p,, = I gcm™>, and Q, =
1, the dust mass loss rate becomes

= 21 ZABA -1
T 7 x 107" (A fD)max ) gsec” ', (16)

dMp riA,

S
where r, and A, are the heliocentric and geocentric dis-
tances in AU, ¢, is the beam diameter in arcseconds, and
(M) is the integrated apparent infrared intensity in
watts per square centimeter. We emphasize that the mass

Joss rates calculated above refer only to the emission from
the optically important particles. Since a considerable
amount of the dust mass is in large particles that do not
contribute significantly to the infrared emission (see Jewitt
1991), the mass loss rates given by Eq. (16) are lower
limits. Sykes and Walker (1992) suggest that the mass loss
in large particles may be more than double that estimated
by other means.

The observational results for our sample of comets,
normalized to a grain radius of 1 um, is summarized in
Fig. 11, and it is clear from these that the dust mass loss
rates for individual comets vary approximately as r;%.
This heliocentric distance dependency is readily under-
stood by combining Egs. (11) and (14) to yield:

dMp
dt

«ryl

a7

Applying Eq. (16) to the data for P/Halley, we find that
its average mass loss normalized to a heliocentric distance
of 1 AU is =10° g sec™'. P/Halley's mass loss rate varied
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about this mean value by up to a factor of 7 on short time
scales (Fig. 11a). For the remaining comets in this study
(all IR Type I), Eq. (16) gives a mean loss rate that is a
factor of =10 lower than that for P/Halley (see Fig. 11b).
If it is assumed that the IR Type I comets have grains as
large as 10 um, their mass loss rates would be increased
by a factor of 10 and would become comparable to the
mass loss rate deduced for P/Halley.

IV. CONCLUSIONS

The 0.7- to 23-um observations reported in this paper
for P/Halley and six other bright comets lead to several
conclusions about the nature of comet grains and the
physics of comet nuclear activity.

(1) Comets can be classified by their thermal infrared
energy distributions. IR Type I comets have low contin-
uum superheat and the 10-um silicate emission is muted
or absent. IR Type II comets have large continuum super-
heat and strong silicate emission features. The differences
may be due to grain size.

(2) Simultaneous measurements of P/Halley and Brad-
field 1980 XV with different diaphragms using telescopes
in Minnesota and Wyoming are generally consistent with
the steady-state model for nuclear ablation.

(3) P/Halley’s dust coma had an average albedo of 0.20
at a scattering angle of 130°. Our data show that the scat-
tering phase function for typical comet dust is character-
ized by a moderately strong forward-scattering peak, no
appreciable backscattering peak beyond angles of 150°, a
mean bolometric albedo of =0.32, and a sidescattering
albedo of =0.15.

(4) The correlation between superheat and 10-um sili-
cate excess, the flattened forward-scattering peak of the
albedo curve, and the relatively low backscattering albedo
are all consistent with laboratory and theoretical results
for nonspherical and fluffy grains. These results appear to
be especially consistent with core-mantle grain models
such as have been proposed by J. M. Greenberg and
his collaborators (Greenberg and Hage 1989, Hage and
Greenberg 1989).

(5) P/Halley’s 10-um silicate signature showed signifi-
cant variations in strength and was occasionally weak or
absent at heliocentric distances both smaller and larger
than 1 AU,

(6) P/Halley’s coma luminosity fluctuated by a factor
of nearly 10 on time scales of 1 to 2 days. These variations
are consistent with the jet-like activity associated with
nuclear rotation.

(7) The mass loss rate for P/Halley was highly variable
and averaged =10% g sec™'at r = 1 AU. The mass loss
rates for the IR Type I comets would be comparable to
that deduced for P/Halley if it is assumed that their comae
are composed of grains of radius a = 10 um.
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APPENDIX A: THE STEADY-STATE MODEL FOR
INFRARED EMISSION FROM COMA DUST GRAINS

In the so-called ‘'steady-state’ model of nuclear activity (see Jewitt
1991), the thermal emission from the coma results from dust grains
ablated from the nucleus at a constant rate of dN/dt grains sec™' and
flowing away from the nucleus at a constant velocity V,. Assuming that
the coma is optically thin to thermal infrared radiation (see Ney 1982b,
Jewitt 1991), the contribution to the apparent infrared intensity of the
coma f(IR) by N dust grains is given by

LIR - N47702Qc0' T:hs _

Na:Q,o' Tf,bs
47A? B !

AT ,

(A-1)

where Lyg is the coma luminosity, a is the grain radius, Q. is the Planck
mean emission cross section of the grain (Gilman 1974), o is the Ste-
fan-Boltzmann constant, T, is the grain temperature, and A is the
geocentric distance. Assuming that the dust grain distribution is iso-
tropic, the total number of grains in a spherically symmetric coma within
a radius r of the nucleus is given by

N = 47 J'n(r)r:dr = ﬂl = dN 1
()

di dr V' (A-2)

where 1 = r/V, is the time required for grains to flow out to radius r at
constant velocity V,, and n(r) is the radial number density distribution of
grains in the coma. Our multiaperture measurements typically occurred
when A was between 1 and 1.5 AU, so that the residence time of grains
with Vy = 0.5 km sec ™' in the beams we used was between 0.6 hr (2.2-
arcsec beam) and 6 hr (20-arcsec beam). By inspection of Eq. (A-2),
it follows that the steady-state model leads to a radial grain density
distribution in the coma of

-1 _dN
drriVy dt’

n(r) (A-3)

Integrating this density distribution over the cylindrical volume V of the
coma that is intercepted by a photometer beam of angular diameter ¢ to
obtain the number N, of grains emitted into the beam, and substituting
the result into Eq. (A-1), we find that the apparent infrared intensity
{,(IR) measured in the beam is

a] T4
£,(IR) = Q—fz"_‘” N,
a’Q.o T s _ [7a’QeoTo | pdN
== o o= | =g [5G A

where the result on the extreme right-hand side is for the case where the
angular diameter of the beam is much smaller than the angular diameter
of the coma. It can be seen from Eq. (A-2) that fy(IR) = ¢A~", leading
to the correction terms specified in Eqs. (B-1) and (B-2) that we derive
in Appendix B.

The determination of f,(IR) is particularly straightforward when the
continuum emission from the dust approximates that of a blackbody as
is the case with all the comets observed here. In this case, the ratio of
the maximum of the AF, function to the total blackbody emission F is
given by



184

GEHRZ AND NEY

TABLE C-I
Orbital Elements for the Comets

COMET KBM Bradfield Austin Machhelz RAustin BM P/Halley

1975 IX 1980 XV 1984 XIII 1985 VIIY 1989c¢,; 1989X 1986 IIT
BQUINOX  1950.0 1850.0 1950.0 1950.0 J2000.0 J2000.0 J2000.0
BPOCK 5 Sep 25 80 Dec 27 84 Rug 8 - 90 Apr 19 89 Oct 1 86 Feb 19
T 75 Sep 5.3348 80 Dec 29.5417 84 Aug 12.1371 85 Jun 28.7388 90 Apr 9.96745 89 Sep 11.9384 B6 Feb 9.45%0
q 0.425561 0.259823 0.291284 0.106252 0.349775 0.478742 0.587104
. 1.000095 0.999725 0.999846 1.000000 1.000225 0.971959 0.967277
¥ - - - - - - 76.00
PERI (w) 116.9756 358.2855 353.12701 274.0831 61.5763 129.6111 111.8657
NODE (0} 295.6526 114.6465 170.87724 194.7292 75.9255 311.5878 58,8601
INCL (i) B80.777% 138.5882 164.15979 16.2827 58.95639 19.3357 162.2422

()‘Fx)max - 211"1(‘2 { 1 ] - 1 (A-j) f_l - QI_A_Q (B-2)
F o T)rLleMal — 1] 13586 £ Ay

where A, is the wavelength of maximum emission in AFy, AnT = 0.3670
cm deg is Wien's law for AF,, i = 6.6262 x 10" 7 erg sec, ¢ = 2.9979 x
10°cmsec™!, o = 5.6696 x 10 Sergcm™2deg™*sec™'and k = 1.3806 x
10~ 6 erg deg~". Thus, the apparent infrared intensity f,(IR) of the coma
is given by

fo(IR) = 13586 f3)max- (A-6)

where (Af,)msx is the observed apparent emission maximum of the infra-
red continuum.

APPENDIX B: CORRECTIONS FOR BEAM DIAMETER,
THROW, AND GEOCENTRIC DISTANCE

Comet comae are extended sources of infrared emission and are large
enough so that coma emission is present in the reference beam used for
background cancellation. The total emission into a beam of a given
angular diameter depends upon the volume of coma material intercepted
by the beam. Therefore, analysis and interpretation of the infrared pho-
tometry require correction of the data for the effects of beam diameter,
reference beam throw, and geocentric distance. The correction is
straightforward for comets that obey a steady-state model where the
coma is produced by material ablated from the nucleus at a constant rate
and flowing away from the nucleus at a constant velocity. We describe
this model guantitatively in Appendix A, concluding that it leads to a
¢*" dependence for the flux from the coma, where ¢ is the radius of the
coma, and a A~' dependence of the coma brightness on geocentric
distance. In this case, the apparent intensity f, that would be measured
in a beam of angular diameter ¢ for a throw large enough so that the
reference beam falls off the coma and the apparent intensity f,, observed
in the same beam with a throw of angular diameter ¢ such that the
reference beam falls on the coma are related by

Sa 4

- = . B-1)
ATW-e (
Furthermore, the apparent intensities, f; and f, measured in two different
apertures with diameters ¢, and ¢, with the comet at geocentric distances
of 4, and 4A,, respectively, will be related by

These correction factors have been applied where appropriate in the
analysis above using a standard reference beam diameter of ¢, = 20
arcsec and a standard geocentric distance of 4, = 1 AU.

APPENDIX C: ORBITAL ELEMENTS FOR THE
COMETS OBSERVED

We present in Table C-1 the orbital elements we used for deriving the
orbital parameters of the comets for which we report infrared observa-
tions here. These have been gleaned from the Caralog of Cometary
Orbits (Marsden 1982) and The Central Bureau for Astronomical Tele-
grams (Marsden 1992). The data tabulated by row are (1) the comet
name, (2) the equinox for {, w, and the orbital inclination (i), (3) the
osculation date in decimal days (Universal, or Ephemeris, Time), (4)
the perihelion time (Ephemeris Time), (5) the perihelion distance q in
astronomical units, (6) the orbital eccentricity, (7) the revolution period
in years (no entry signifies p > 1000 years), (8) the argument of perihelion
windecimal degrees, (9) the longitude of the ascending node {}indecimal
degrees, and (10) the orbital inclination i in decimal degrees.

ACKNOWLEDGMENTS

We are especially grateful to D. Hufmann for giving freely of his time
to discuss with us the characteristics of the phase function of comet
dust particles; his comments weighed heavily in the framing of our
conclusions. M. S. Hanner helpfully provided us with her insightful
lecture notes on defining albedos for small particles, and T. J. Jones
gave us guidance on the definition of albedos. T. W. Jones confirmed
the conversion factors between square and circular apertures for an +~!
surface brightness distribution. We thank B. Jones for a critical reading
of the manuscript and for suggesting several improvements in the presen-
tation. T. Williams, L. R. Shaw, T. Hayward, C. Jaworosky, and L.
Chisholm assisted with the observations at WIRO. Hayward’s contribu-
tions were especially valuable and included a crucial last-minute repair
of the photometer at WIRO during the remote observations of P/Halley
on perihelion day. He also obtained the 15.79 April 1990 UT observation
of Comet Austin 1989c¢, for us at WIRO, A. Knutson provided invaluable
assistance with observations at O'Brien Observatory. We thank T. J.
Jones for obtaining the 27.3 and 28.3 April 1986 UT observations of
P/Halley at MLOF for us. Finally, A. Tokunaga and A. Storrs, who



P/HALLEY AND SI1X BRIGHT COMETS

refereed the manuscript, made several useful suggestions that improved
the clarity of the presentation. This research was supported by NASA,
the National Science Foundation, the U.S. Air Force, and the University
of Minnesota Institute of Technology Dean’s Office and Graduate
School, and the University of Wyoming.

REFERENCES

BeckLIN, E. E., AND J. A. WESTPHAL 1966. Infrared observations of
comet 1965f. Astrophys. J. 145, 445-453.

BoHREN, C. F., AND D. R. HUFMANN 1983. Absorption and Scattering
of Light by Small Particles, pp. 399-401. Wiley, New York.

BREGER, M., R. D. GEHRzZ, ANDJ. A. HACKWELL 1981. Intersteliar grain
size. II. Infrared photometry and polarization in Orion. Astrophys. J.
248, 963-976.

Brooke, T. Y., R. F. KNACKE, AND R. R. Jovyce 1986. Near-infrared
studies of comet Halley: polarization and color. In Exploration of
Halley's Comet, ESA SP-250, pp. 87-89. European Space Agency,
Noordwijk.

BrookEg, T. Y., R. F. KNACKE, T. C. OWEN, AND A. T. TOKUNAGA
1988. Spectroscopy of emission features near 3 wm in comet Wilson
(19861), submitted for publication.

Brooke, T. Y., A. T. TOKUNAGA, AND R. F. KNACKE 1991. Detection
of the 3.4 um emission feature in comets P/Brorson-Metcalf and
Okazaki-Levy-Rudenko (1989R) and an observational summary.
Astron. J. 101, 268-278.

BrROWNLEE, D. E. 1987. A comparison of Halley dust with meteorites,
interplanetary dust, and interstellar grains. In Observations of Comets
Halley and Wilson and Properties of the Grains, (M. Hanner, Ed.),
NASA Conference Publ. 3004, pp. 66-67.

BrowNLEE, D. E., L. PiLaAcHOWSK], E. OLszZEWSKI, AND P. W. HoDGE
1980. Analysis of interplanetary dust collections. In Solid Particles in
the Solar System (1. Halliday and B. A. McIntosh, Eds.), pp. 333-342.
Reidel, Dordrecht.

CasTELAZ, M. W.,J. A. HACKWELL, G. L. GRASDALEN, R. D. GEHRzZ,
AND C. GuLLIXSON 1985. GSS 30: an infrared reflection nebula in the
Ophiuchus dark cloud. Astrophys. J. 290, 261-272.

EATON, N. 1984, Comet dust—Applications of Mie scattering. Visras
Astron. 27, 111-129.

Finson, M. L., anp R. F. PROBSTEIN 1968. A theory of dust comets:
I. Model and equations and 1I. Results for Comet Arend-Roland.
Astrophys. J. 154, 327.

FRAUNDORF, P., D. E. BROWNLEE, AND R. M. WALKER 1982. Labora-
tory studies of interplanetary dust. In Comets, (L. Wilkening, Ed.),
pp. 323-340. Univ. of Arizona Press, Tucson.

GeHRrz, R. D., aND J. A. HACKWELL 1978. Exploring the infrared
universe from Wyoming. Sky Telescope 55, 466-473.

GeHrz, R. D, aND E. P. NEY 1986. Infrared temporal development of
P/Halley. In Exploration of Halley’'s Comet, ESA SP-250, pp.
101-105. European Space Agency, Noordwijk.

GeHRz, R. D., G. L. GRASDALEN, AND J. A. HACKWELL 1987. Infrared
astronomy. In Encyclopedia of Physical Science and Technology,
Vol. 2, pp. 53-80. Academic Press, New York.

GeHRz, R. D., J. A. HackweLL, AND T. W. JoNes 1974. Infrared
observations of Be stars from 2.3 to 19.5 microns. Astrophys. J. 191,
675-684.

GEeHRz, R. D., E. P. NEY, J. PISCATELLI, E. ROSENTHAL, aND A. T.
ToKUNAGA 1989. Infrared photometry and spectroscopy of Comet
P/Encke 1987. Icarus 80, 280-288.

GiLMman, R. C. 1974. Planck mean cross-sections for four grain materi-
als. Astrophys. J. Suppl. Ser. 28, 397-403,

185

GreeN, D. W. E., AND C. S. MoRris 1987. The visual brightness behav-
ior of P/Halley during 1981~1987. Astron. Astrophys. 187, 560-568.

GREENBERG, J. M. 1982. In Comets (L. L. Wilkening, Ed.), pp. 131-163.
Univ. of Arizona Press, Tucson.

GREENBERG, J. M. 1986. Predicting that comet Halley is dark. Nawure
321, 385.

GREENBERG, J. M., aND J. 1. HAGE 1990. From interstellar dust to
comets: A unification of observational constraints. Asrrophys. J. 361,
260-274.

Hagcg, J. I., AND J. M. GREENBERG 1990. A model for the optical
properties of porous grains. Asirophys. J. 361, 251-259.

HANNER, M. S. 1988. Grain optical properties. In Observations of Com-
ets Halley and Wilson and Properties of the Grains (M. S. Hanner,
Ed.), pp. 22-49. NASA Conference Publ. 3004.

HANNER, M. S., R. H. Giesg, K. WEiss, AND R. ZERULL 1981. On the
definition of albedo and application to irregular particles. Astron.
Astrophys. 104, 42-46,

HANNER, M. S, D. K. ArTken, R. KNACKE, S. McCoRrkLE, P. F.
ROCHE, AND A. T. TOKUNAGA 1985a. Infrared spectrophotometry of
Comet IRAS-Araki-Alcock (1983d): A bare nucleus revealed? Icarus
62, 97-109.

HANNER, M. S., R. KNACKE, Z. SEKANINA, AND A. T. TOKUNAGA
1985b. Dark grains in Comet Crommelin. Astron. Astrophys. 152,
177-181.

HANNER, M. S., E. TEDEscO, A. T. TOKUNAGA, G. J. VEEDER, D. F.
LesTer, F. C. WITTERORN, J. D. BREGMAN, J. GRADIE, AND L.
LeBoFsKY 1985¢. The dust coma of periodic Comet Churyumov-Ger-
asimenko (1982 VII). Icarus 64, 11-19.

HANNER, M. S., A. T. TokUNAGA, W. F. GoLiscH, D. M. GRIEP, AND
C. D. Kaminski 1987. Infrared emission from P/Halley’s dust coma
during March 1986. Astron. Astrophys. 187, 653-~660.

HANNER, M. §.,R. L. NEWBURN, R. D. GEHRzZ, A. T. HARRISON, AND
E. P. NeY 1990. The infrared spectrum of comet Bradfield (1987s) and
the silicate emission feature. Astrophys. J. 348, 312-321.

HAaywaRrp, T., R. D. GEHRz, AND G. L. GRASDALEN 1986. Ground-
based infrared observations of comet Halley. Nature 326, 55-57.

JEWITT, D. 1991. Cometary photometry. In Comeis in the Post-Halley
Era (R. L. Newburn, Jr., M. Neugebauer, and J. Rahe, Eds.), Vol. 1,
pp. 19-64. Kluwer, Dordrecht.

JewiTt, D., anD K. J. MEECH 1986. Cometary grain scattering versus
wavelength, or, “What color is comet dust?’ Astrophys. J. 310,
937-952.

KEeLLER, H. U., et al. 1986. First Halley multicolor camera imaging
results from Giotto. Narure 321, 320-326.

KisseL, J., et al. 1986. Composition of comet Halley dust particles from
Giotto observations. Narure 321, 336-337.

Maas, R. W., E. P. NEY, aND N. J. WooLF 1970. The 10 micron
emission peak of comet Bennett 1969i. Astrophys. J. 160, L101-1.104.

MARSDEN, B. G. 1982. Catalog of Cometary Orbits, 4th ed. Minor Planet
Center, Smithsonian Astrophysical Observatory, Cambridge, MA.

MARSDEN, B. G. 1992. JAU Circudars, e-mail service.

McDONNELL, J. A. M., et al. 1987. The dust distribution within the
inner coma of comet P/Halley 1982i: Encounter by Giotro's impact
detectors. Asiron. Astrophys. 187, 719-741.

McDoNNELL, J. A. M., P. L. Lamy, anD G. S. PANKIEWICZ 1991,
Physical properties of cometary dust. In Comets in the Post-Halley
Era (R. L. Newburn, Jr., M. Neugebauer, and J. Rahe, Eds.), Vol. 2,
pp. 1043-1073. Kluwer, Dordrecht.

McFappen, L. A.,M. F. A’"HearN, P. D. FELDMAN, E. E. ROETTGER,
D. M. EpsALL, aND P. S. BUTTERWORTH 1987. Activity of Comet



186

P/Halley 23-25 March, 1986: IUE observations. Astron. Astrophys.
187, 333-338.

MiLLis, R. L., AND D. G. SCHLEICHER 1986. Rotational period of comet
Halley. Nature 324, 646-649.

NEv, E. P. 1974a. Infrared observations of comet Kohoutek near perihe-
lion. Astrophys. J. 189, L141-L143.

NEvY, E. P. 1974b. Multiband photometry of comets Kohoutek, Bennett,
Bradfield, and Encke. Icarus 23, 551-560.

NEev, E. P. 1977. Star Dust. Science 195, 541-546.

NEev, E. P. 1982a. Optical and infrared observations of bright comets in
the range 0.5 um to 20 um. In Comers (L. Wilkening, Ed.), pp.
323-340. Univ. of Arizona Press, Tucson.

NEY, E. P. 1982b. Visibility of comet nuclei. Science 215, 397-398.

NEvY, E. P., AND K. M. MEeRrILL 1976. Comet West and the scattering
function of cometary dust. Science 194, 1051-1053.

ReITSEMA, H. J., W. A. DELAMERE, A. R. WiLL1ams, D. C. BOICE,
W. F. HUEBNER, AND F. L. WHipPLE 1989. Dust distribution in the
inner coma of Comet Halley: Comparison with models. Jcarus 81,
31-40 (see also the cover illustration of Planetary Rep. VII(S), Sept./
Oct. 1987).

ReTTIiG, T. W., J. R. KERN, R. RUCHTI, B. BAUMBAUGH, A. E. BAUM-
BAUGH, K. L. KNICKERBOCKER, AND J. DawE 1987. Observations of
the coma of Comet P/Halley and the outburst of 1986 March 24-25
(UT). Astron. Astrophys. 187, 249~255.

RiEke, G. H., F. J. Low, T. A. LEE, AND W. W. WIisNIEWSKI 1974.
Infrared observations of comet Kohoutek. In Comer Kohoutek,
NASA-SP 355, pp. 175-182. NASA, Washington DC.

Rose, L. A. 1979. Laboratory simulation of infrared astrophysical fea-
tures. Astrophys. Space Sci. 65, 47-67.

Rvan, E. V., anp H. Campins [991. Comet Halley: Spatial and tempo-
ral variability of the silicate emission feature. Astron. J. 101, 695-705.

SCHLEICHER, D. G., R. L. MiLuis, D. T. THoMPsoN, P. V. BircH, R.
MARTIN, D. J. THOLEN, J. R. PisciTeLLl, N. L. LARK, AnD H. B.
HaMMEL 1990. Periodic variations in the activity of comet P/Halley
during the 1985/1986 apparition. Astron. J. 100, 896-912.

SEKANINA, Z. 1974a. On the nature of the anti-tail of Comet Kohoutek
(1973f) 1. a working model. Icarus 23, 502-518.

SEKANINA, Z. 1974b. The prediction of anomalous tails of comets. Sky
Telescope 47, 374-371.

GEHRZ AND NEY

SEKANINA, Z. 1976. In The Study of Comets (B. Donn, M. Mumma, W.
Jackson, M. A'Hearn, and R. Harrington, Eds.), NASA SP-393, pp.
893-933. U.S. G.P.O., Washington, D.C.

Sykes, M. V., L. A. Leporsky, D. M. HUNTEN, anp F. Low 1986.
The discovery of dust trails in the orbits of periodic comets. Science
232, 1115-1117.

SYKES, M. V., aND R. G. WALKER 1992. Cometary dust trails. Icarus
95, 180-210.

TeLesco, C. M., R. DecHER, C. BAUGHER, H. Campins, D. Mozur-
KEwicH, H. A. THRoNsON, D. P. CruiksHANK, H. B. HAMEL, S.
LARSON, AND Z. SEKANINA 1986. Thermal-infrared and visual imaging
of comet Giacobini-Zinner. Astrophys. J. 310, L61-L65.

TeMi, P., P. DE BERNARDS, S. Masi, G. MORENO, AND A. SALAMA
1989. Infrared emission from interplanetary dust. Astrophys. J. 337,
528-535.

TOKUNAGA, A. T., W. F. GoLiscH, D. M. Griep, C. D. KaAMINSKI, AND
M. S. HANNER 1986. The NASA Infrared Telescope Facility comet
Hailey monitoring program. 1. Preperihelion results. Astron. J. 92,
1183-1190.

TOKUNAGA, A. T., W. F. GoLiscH, D. M. GrieP, C. D. KAMINSKI, AND
M. S. HANNER 1988. The NASA Infrared Telescope Facility comet
Halley monitoring program. II. Postperihelion results. Astron. J. 96,
1971-1976.

VAN DE HuusT, H. C. 1957. Lighs Scattering by Small Particles, pp.
183 and 449. Dover, New York.

WALKER, R. M. 1987. Comparison of laboratory determined properties
of interplanetary dust with those of comet Halley particles: What are
comets made of? In Infrared Observations of Comets Halley and
Wilson and Properties of the Grains (M. Hanner, Ed.), NASA Confer-
ence Publ. 3004, pp. 53-63.

WEAVER, H. A., M. F. A'HEARN, P. D. FELDMAN, C. ARPIGNY, W. A,
BauM, J. C. BRanDT, R. M. LIGHT, AND J. A. WESTPHAL 1992.
Inner coma imaging of Comet Levy (1990C) with the Hubble Space
Telescope. Icarus, in press.

WEeBB, C. G. 1935. The scattering of light by drops in a Wilson chamber.
Philos. Mag. 19, 927-933.

WILSON, J. G. 1951. The Principles of Cloud-Chamber Technique, p.
59. Cambridge Univ. Press, Cambridge.

WooLF, N. J., aND E. P. Ny 1969. Circumstellar emission from cool
stars. Astrophys. J. 155, L181-L184.



P/HALLEY AND SIX BRIGHT COMETS 177

Bennetl

IR Type 11

/ f Kohoutek
®

05

Silicate Excess in Magnitudes

I I 2 1 "
0 10 20 30 40 50

Percent Superheat

FIG. 6. The silicate excess (in magnitudes) plotted as a function of percent superheat ([S — 1] x 100; see Eq. (4) for the definition of §) for
recent bright comets (data in Table IV). The linear relation (solid line) is y = 0.0233x + 0.0394. The correlation coefficient is 0.94.

102 T v —T T T T 1012 T T T T
a 0,® P/Halley (Pre, Post) b 0,e P/Malley (Pre, Post)
~N

£ 10 - NE 100} i

Q O
e

w S
= N
S &
= =

.E 10 - ': 10 .

x

a8 3
o~ £
S o
< 15 =

poRRlY - = 10 -
— =

10-16 1 " 2 a1 1 i i 10-16 1 X a2 a1 1 |

0.5 1.0 2.0 2.0 0.5 1.0 20 3.0

rin AU rin AU
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by variations of the apparent intensities [Af,(V)]., and [Af,(IR)],... respectively. The coma model described in Appendix A has been used to
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peak suggest that the comet grains are nonspherical and, perhaps, fluffy. Panel (b) shows laboratory data for small water droplets in cloud chambers
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shows data for P/Halley for scattering angles between 114° and 165°, illustrating that P/Halley’s grains were highly variable in albedo, but on the
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comets can display a high degree of variability in albedo. To our knowledge, Crommelin is the darkest comet on record.
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fluffy aggregates (Hanner et al. 1981). The comet data
are consistent with the curves for nonspherical particles
and fluffy aggregates. These characteristics are also con-
sistent with theoretical results for ‘“‘fluffy’’ aggregates
(Greenberg 1982, 1986).

Figure 8c shows A(6) for P/Halley for scattering angles
between 114° and 165° indicating that P/Halley’s grains
were highly variable in albedo, but on the average had a
side-scattering albedo similar to that of the grains of the
comets in Fig. 8a. We were able to observe P/Halley at
backscattering angles out to 165° near perihelion passage.
Any backscattering increase appeared to be small.
P/Halley’s dust coma had an average albedo of A(§) =
0.20 at a scattering angle of 130°, making it slightly brighter
than the comae of average comets at phase angles from
120° to 165°. This would be expected for an extreme IR
Type Il comet with a significant small silicate grain com-
ponent. We note that the lowest side-scattering albedo we
observed for P/Halley (A(6) = 0.08) occurred when the
10-um silicate emission feature was absent. Both of these
indicators are consistent with a coma at these times that
was populated predominantly by large grains.

Figure 8d shows A(8) for Comet West, Comet Crom-
melin 1983n, and all the comets for which data are re-
ported in this paper. We conclude that the side-scattering
albedo of comet grains generally lies in the range 0.1 <
A = 0.3, but that the grains of individual comets can
display a high degree of temporal variability in albedo
during an apparition.

Variations in the silicate emission feature and al-
bedo. Variations in several grain composition indicators
were observed for P/Halley. Our data (Fig. 3) and addi-
tional infrared data obtained by Hanner et al. (1987) and
Tokunaga et al. (1986 and 1988) at the NASA Infrared
Telescope Facility (IRTF) show that P/Halley’s silicate
emission feature was occasionally weak or absent. Al-
though this behavior usually occurred at heliocentric
distances greater than | AU, there were several occa-
sions when this behavior occurred at small heliocentric
distances (e.g., 26.8 January 1986 UT and 14.67 Febru-
ary 1986 UT). Furthermore, our data show that the
strength of the 10-um silicate emission feature varied
significantly when P/Halley was inside a heliocentric
distance of 1 AU (Fig. 3). Ryan and Campins (1991)
reached a similar conclusion based upon a more limited
data set.

The disappearance of the silicate signature for distances
greater than 1 AU was previously noted for Comet Ko-
houtek by Rieke er al. (1974). Comet Bradfield 1980 XV
(Ney 1982a and Tables I-1II of this paper) clearly was an
IR Type Il comet near perihelion (Fig. 2a), but showed
no silicate emission beyond r = 0.6 AU.

On one occasion when P/Halley’s silicate feature was
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missing, the dust albedo fell as low as 0.08 (Fig. 8). A
similar correlation between silicate signature strength and
dust albedo is clearly evident for Comet Bradfield 1980
XV (this paper, Table III) and was noted in Comet Brad-
field 1974b by Ney (1974b).

C. The Phy.«cs of the Nuclear Ablation Process

Our observations provide information about the nature
of the nuclear ablation process by (i) showing that produc-
tion rate and outflow of grains from the nucleus nominally
conforms with the steady-state model, (ii) establishing the
amplitude of short-term temporal variations in the activity
of the nucleus, and (iii) measuring the mass loss rate of
the solid material.

Constraints on models of the production and outflow of
coma grains. We made nearly simultaneous observa-
tions of P/Halley with several diaphragms on four sepa-
rate occasions using the O’Brien and WIRO telescopes
and obtained multiaperture photometry of Comet Brad-
field 1980 XV during a time span of about 1 hr on one
occasion from Wyoming. These multiaperture measure-
ments can be interpreted in terms of the steady-state
model of nuclear activity described in Appendix B. In this
model, grains are released from the nucleus at a constant
rate and flow outward from the nucleus at constant veloc-
ity. Reitsema et al. (1989), in an elegant study, showed
that the visible images of the inner coma of P/Halley by
Giotto were consistent with the interpretation that the
individual active areas on the nucleus behave according
to the steady-state model.

Our multidiaphragm observations of P/Halley and
Comet Bradfield 1980 XV (Fig. 9) show that the coma flux
was usually proportional to ¢ and that the steady-state
grain production model was valid for times as great as 0.25
days (6 hr) on most occasions. Possible jet-like activity
developing rapidly on time scales of a few hours is sug-
gested by our P/Halley observations on 9.83 February
1986 UT, when the average flux recorded in a 20-arcsec
beam at O’Brien was less than that expected from the flux
recorded in an 8.3-arcsec beam at WIRO. The sudden
activation of an intense gas jet, similar to those seen in
the Giotro images (Keller et al. 1986), appears to provide
a plausible explanation for the 9.83 February measure-
ments. One set of infrared imaging observations, obtained
a few hours prior to the Giotto encounter by Hayward et
al. (1986), tends to confirm the hypothesis that the infrared
variations may be profoundly affected by jets releasing
material on the sunward side of the nucleus.

Activity in comet nuclei. Figures 7 and 10 summarize
the activity of the nuclei of P/Halley and the six other
recent bright comets studied in this work as measured by
the infrared luminosities of their comae. In Fig. 10, we
have included schematic representations of the average
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FIG. 9. Coma brightnesses of P/Halley and Bradfield 1980 XV as a

function of aperture diameter. The coma model described in Appendix
A has been used to correct the data for emission in the reference beam.
The data are generally consistent with a constant production rate of
grains in a constant velocity outflow (the steady-state model described
in Appendix A).

activity of some of the other bright comets we have mea-
sured previously (Ney 1982a, Gehrz et al. 1989). The
activity in most comets is proportional to r~* both preced-
ing and following perihelion passage with small superim-
posed variations. Comet West 1976 VI (1975h) brightened
significantly after perihelion because the nucleus broke
into four parts. Encke probably behaves differently than
most comets because of an appreciable contribution to
the thermal emission by the nucleus itself (Gehrz er al.
1989).

The apparent infrared intensity f,(IR) of an optically
thin comet coma in a beam of angular diameter ¢ radians
that is much smaller than the angular extent of the coma
follows from Egs. (2), (A-4), and (A-6), to be

1.3586(A f,) max

71’ Q.o T |0dN _ [@Q.Le
4v, Adt | 64V,

Sfo(R)
' & dN

rA dt’ ©
where Q, and Q, are, respectively, the Planck mean ab-
sorption and emission coefficients for the grains as defined
by Gilman (1974), where r and A are the heliocentric and
geocentric distances in centimeters. If the grain produc-
tion rate as a function of heliocentric distance dN(r)/dt is
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directly proportional to the intensity of the solar radiation
incident upon the nucleus, then

dN() _ dN(ry) [rl]? (10)

dt dt r

where r, is the perihelion distance, dN(r,)/dt is the grain
production rate in grains sec”' at perihelion, and r is the
heliocentric distance. Combining Eqs. (9) and (10), we
find that the apparent coma intensity is

azQaLG] T an

JoIR) = { 64V, |r'A dr 1A’
An interesting variation of the relationship expressed by
Eq. (11) occurs in the case when the luminosity of the
coma is generated by emission from small silicate grains
for which the emission efficiency is proportional to the
grain radius « (Gilman 1974). In this case, the apparent
infrared intensity of the coma is directly proportional to
the total mass M, of the grains,
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FIG. 10. The infrared activity of the nucleus of P/Halley compared
to that of the nuclei of other recent bright comets as a function of
heliocentric distance as measured by variations in the quantity
[AfiUR)}pax - The coma model described in Appendix A has been used
to correct the data for emission in the reference beam and to normalize
the apparent intensities to a geocentric distance of A = 1 AU and a
beam diameter of 20 arcsec. Comets Bennett 1970 II, Kohoutek 1973f,
West 1975h (Ney 1982a), and P/Encke (Gehrz er af. 1987) are shown for
comparison; the step function in activity for West near perihelion was
caused by the breakup of the nucleus. An r~* activity model adequately
describes the heliocentric brightening of almost all comets. P/Halley
exhibited large variations about the canonical law.
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M,
f.,,(IR)I—’dei. (12)

Itis evident from Eq. (11) that the approximation quan-
tified in Eq. (10) for the apparent luminosity of comets
implies a dependence of r~* for both the energy absorbed
and the energy reemitted. The quantity (Af,),., for the
thermal emission is a measure of the energy reradiated
and is equal to the energy absorbed. It is a better measure
of a comet’s intrinsic brightness than short-wavelength
reflected light measurements because of the variation in
albedo with phase angle.

Both short-term and long-term variations in comet nu-
cleus activity that are superimposed upon the r~* radial
dependence can be readily evaluated by examination of
the quantity given in column 18 of Table III. This quantity
has been normalized using Eqgs. (11), (B-1), and (B-2) to
give the flux expected in a standard circular 20-arcsec
diameter diaphragm for an infinite reference beam throw
with the comet at a standard heliocentric distance of r =
I AU and a standard geocentric distance of A = 1 AU.

In the comparison with the six other comets observed
in this work (Fig. 10), P/Halley (Fig. 7) is seen to exhibit
more frequent large-amplitude variations about the r—*
brightening law than is usually the case. Overall, we found
that P/Halley varied in brightness by a factor of up to 7
on time scales of a few hours and days and by a factor of
10 overall compared to the expected rate of brightening
with changing heliocentric distance; its thermal emission
was as dim on some occasions as that of Kohoutek 1973f
and as bright as that of Comets Bennett 1970 II and West
1975h on others. The large variations of P/Halley are also
apparent in the scattered component (Fig. 7).

Our data enable us to draw several conclusions with
regard to the activity of the nucleus and coma of P/Halley:

(1) Neither the large short-term variations nor the long-
term variations in the bolometric infrared emission from
P/Halley appear to correlate in any detail with the visible
variations reported by Green and Morris (1987) and Millis
and Schleicher (1986). Green and Morris (1987) found
that the heliocentric dependence of the integrated visible
magnitude of P/Halley’s coma varied asymmetrically
about perihelion passage, with the comet being signifi-
cantly brighter postperihelion. Our data show that both
the heliocentric dependence of the scattered light (Fig.
7a) and the thermal emission within a 20-arcsec beam
were comparable pre- and postperihelion. Both our data
and those of Green and Morris show large-amplitude
short-term variations, but there is no detailed correlation
between the intensity variations seen in our small beam
with those exhibited by the entire coma. )

(2) Millis and Schleicher (1986) and Schleicher et al.
(1990) reported visual photometry showing periodic varia-
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tions on a time scale of 7.4 days that they attributed
to activity associated with the illumination of different
regions of the nucleus. Although there is no obvious tight
correlation between the variations exhibited in our data
and those reported during overlapping periods by Millis
and Schieicher (1986), both our data sets appear to be
consistent with the inner coma being fainter in visible
emission around 20 March 1986 and brighter around
March 15, 23, and 25.5. We conclude that our data are
consistent with the interpretation that the infrared varia-
tions in P/Halley result from rotation of the nucleus, pre-
senting active and passive surfaces to the Sun. Both
Giotto images (Keller er al. 1986) and the groundbased
10-um infrared images made during the Giotto passage by
Hayward et al. (1986) suggest the presence of localized
active jets on P/Halley’s nucleus which could account for
such behavior.

(3) McFadden et al. (1987) and Rettig ef al. (1987) noted
a marked brightening of P/Halley in several visible emis-
sion bands during 23-25 March 1986 UT. Our data do not
show any conclusive evidence of unusual brightening in
either the scattered or the thermal emission from the inner
20 arcsec of the coma at the beginning and end of this
period.

Dust mass loss rates of comet nuclei. The dust mass
loss rate dMp/dt caused by the ablation of dN/dt grains
sec”! from the comet nucleus, each having density Py and
radius a, is

% =m @/ = 4_77 GJEQ (13)
dr v~ 3 PG

where m,, is the mass of a single grain. Combining Eqs.

(9) and (13), we find that

dMD _ 2567 aPor ﬁé
el [1.3586(A f ) max] 3 L—LoQa Vo e

(14)
where V, is the grain ejection velocity and (A f))n., IS
obtained by correcting the intensity given in Table III,
column 11, for beam throw effects using Eq. (B-1). Pre-
suming that the grains are accelerated to terminal velocity
by momentum coupling to the gas, V, is of the order of
the sonic velocity in the gas (Finson and Probstein 1968)
which is given with the aid of Eq. (3) by

T, 172
= ‘| =2
Vo=5x10 [278]
4
=-5~;(T,],—O—cmsec“20.5kmsec", (15)
A

where Ty is the blackbody temperature at the heliocentric
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FIG. 11.

The dust mass loss rates (normalized to a grain radius of | #m and a geocentric distance of A = 1 AU) as a function of heliocentric

distance (a} from the nucteus of P/Halley and (b) from the nucleus of P/Halley in comparison with the nuclei of the IR Type I comets in this survey.
The coma model described in Appendix A has been used to correct the data for emission in the reference beam and to normalize the apparent
intensities to a geocentric distance of A = 1 AU and a beam diameter of 20 arcsec. P/Halley showed substantial bursts of activity superimposed
on the canonical =2 law. The dust mass loss rates of the IR Type I comets shown here may be multiplied by a factor of 10 if it is presumed that
their comae are composed primarily of 10 um grains. In this case, their dust mass loss rates are equivalent to the rates inferred for dusty IR Type

II comets like P/Halley.

distance r, in AU of the comet. Given the very weak
dependence of V, on r, we use the approximation that V,
=~ 0.5 km sec ! in the analysis that follows. We concluded
above that the observed superheat S for the IR Type II
comets discussed herein suggests a typical grain radius of
a= 1 um = 107 cm for the carbon grains responsible
for the continuum emission. Typical IDP aggregates have
a density of =1 g cm™?, while pure carbon and silicate
grains would have densities of ~2-3 g cm™? We conclude
that a typical comet grain can be presumed to have a
density of =1 g cm ™3 (see also Hanner 1988). Using Eqgs.
(14) and (15) witha = 1 um, p,, = 18 ecm~ 3 and Q, =
I, the dust mass loss rate becomes

M, , A
ddlD =7X 10°! ()‘fx)maxr_A_égseC_lv

(16)

where r, and A, are the heliocentric and geocentric dis-
tances in AU, ¢, is the beam diameter in arcseconds, and
(M f\)max 1S the integrated apparent infrared intensity in
watts per square centimeter. We emphasize that the mass

loss rates calculated above refer only to the emission from
the optically important particles. Since a considerable
amount of the dust mass is in large particles that do not
contribute significantly to the infrared emission (see Jewitt
1991), the mass loss rates given by Eq. (16) are lower
limits. Sykes and Walker (1992) suggest that the mass loss
in large particles may be more than double that estimated
by other means.

The observational results for our sample of comets,
normalized to a grain radius of 1 um, is summarized in
Fig. 11, and it is clear from these that the dust mass loss
rates for individual comets vary approximately as rz’.
This heliocentric distance dependency is readily under-
stood by combining Egs. (11) and (14) to yield:

dM,

—2ar;

dt an

Applying Eq. (16) to the data for P/Halley, we find that
its average mass loss normalized to a heliocentric distance
of 1 AU is =10° g sec ~'. P/Halley’s mass loss rate varied
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about this mean value by up to a factor of 7 on short time
scales (Fig. 11a). For the remaining comets in this study
(all IR Type I), Eq. (16) gives a mean loss rate that is a
factor of =10 lower than that for P/Halley (see Fig. 11b).
If it is assumed that the IR Type I comets have grains as
large as 10 um, their mass loss rates would be increased
by a factor of 10 and would become comparable to the
mass loss rate deduced for P/Halley.

IV. CONCLUSIONS

The 0.7- to 23-um observations reported in this paper
for P/Halley and six other bright comets lead to several
conclusions about the nature of comet grains and the
physics of comet nuclear activity.

(1) Comets can be classified by their thermal infrared
energy distributions. IR Type I comets have low contin-
uum superheat and the 10-pum silicate emission is muted
or absent. IR Type II comets have large continuum super-
heat and strong silicate emission features. The differences
may be due to grain size.

(2) Simultaneous measurements of P/Halley and Brad-
field 1980 XV with different diaphragms using telescopes
in Minnesota and Wyoming are generally consistent with
the steady-state model for nuclear ablation.

(3) P/Halley’s dust coma had an average albedo of 0.20
at a scattering angle of 130°. Our data show that the scat-
tering phase function for typical comet dust is character-
ized by a moderately strong forward-scattering peak, no
appreciable backscattering peak beyond angles of 150°, a
mean bolometric albedo of =0.32, and a sidescattering
albedo of =(0.15.

(4) The correlation between superheat and 10-pum sili-
cate excess, the flattened forward-scaftering peak of the
albedo curve, and the relatively low backscattering albedo
are all consistent with laboratory and theoretical results
for nonspherical and fluffy grains. These results appear to
be especially consistent with core—mantle grain models
such as have been proposed by J. M. Greenberg and
his collaborators (Greenberg and Hage 1989, Hage and
Greenberg 1989).

(5) P/Halley’s 10-um silicate signature showed signifi-

cant variations in strength and was occasionally weak or

absent at heliocentric distances both smaller and larger
than 1 AU.

(6) P/Halley’s coma luminosity fluctuated by a factor
of nearly 10 on time scales of 1 to 2 days. These variations
are consistent with the jet-like activity associated with
nuclear rotation.

(7) The mass loss rate for P/Halley was highly variable
and averaged =10° g sec™' at r = 1 AU. The mass loss
rates for the IR Type I comets would be comparable to
that deduced for P/Halley if it is assumed that their comae
are composed of grains of radius a = 10 um.
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APPENDIX A: THE STEADY-STATE MODEL FOR
INFRARED EMISSION FROM COMA DUST GRAINS

In the so-called *‘steady-state™ model of nuclear activity (see Jewitt
1991), the thermal emission from the coma results from dust grains
ablated from the nucleus at a constant rate of dN/dr grains sec ' and
flowing away from the nucleus at a constant velocity V. Assuming that
the coma is optically thin to thermal infrared radiation (see Ney 1982b,
Jewitt 1991), the contribution to the apparent infrared intensity of the
coma f(IR) by N dust grains is given by

L N47ra:Q¢0' Tom _ Na'Qeo Top
SR = 703 47A? - AT

(A-1)

where L is the coma luminosity, « is the grain radius, Q. is the Planck
mean emission cross section of the grain (Gilman 1974), o is the Ste-
fan-Boltzmann constant, T, is the grain temperature, and A is the
geocentric distance. Assuming that the dust grain distribution is iso-
tropic, the total number of grains in a spherically symmetric coma within
a radius » of the nucleus is given by

N =4n [ n(r)ridr = G = SN (A-2)

where 1 = r/V is the time required for grains to flow out to radius r at
constant velocity V;, and #(r) is the radial number density distribution of
grains in the coma. Qur multiaperture measurements typically occurred
when A was between | and 1.5 AU, so that the residence time of grains
with V, = 0.5 km sec™' in the beams we used was between 0.6 hr (2.2-
arcsec beam) and 6 hr (20-arcsec beam). By inspection of Eq. (A-2),
it follows that the steady-state model leads lo a radial grain density
distribution in the coma of

I_dN

n(r) = TV, di

(A-3)

Integrating this density distribution over the cylindrical volume V of the
coma that is intercepted by a photometer beam of angular diameter ¢ to
obtain the number N, of grains emitted into the beam, and substituting
the result into Eq. (A-1), we find that the apparent infrared intensity
€,(IR) measured in the beam is

a Qco' Tnbi
A?

T
- a“ Qea' obsfj]’ ntr) d3 [17(1 geV:Toh\] %(Z_At}'

fo(IR) = N,

(A-4)

where the result on the extreme right-hand side is for the case where the
angular diameter of the beam is much smaller than the angular diameter
of the coma. It can be seen from Eq. (A-2) that f4(IR) x ¢A~', leading
to the correction terms specified in Egs. (B-1) and (B-2) that we derive
in Appendix B.

The determination of f,(IR) is particularly straightforward when the
continuum emission from the dust approximates that of a blackbody as
is the case with all the comets observed here. In this case, the ratio of
the maximum of the AF, function to the total blackbody emission F is
given by
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TABLE C-I
Orbital Elements for the Comets

COMET KBM Bradfield Austin Machholz Austin BM P/Halley

1975 Ix 1980 XV 1984 XIIT 1985 VIII 1989¢, 1985X 1986 IIT
EQUINOX  1950.0 1950.0 1950.0 1950.0 J2000.0 J2000.0 J2000.0
EPOCH 5 Sep 25 80 Dec 27 84 Aug 8 - 90 Apr 19 89 Oct 1 86 Feb 19
T 75 Sep 5.3348 80 Dec 29.5417 84 Aug 12.1371 85 Jun 28.7388 90 Apr 9.96745 89 Sep 11.9384 86 Feb 5.4590
q 0.425561 0.259823 0.291284 D.106252 0.349775 0.478742 0.587104
. 1.000095 0.999725 0.999846 1.000000 1.000225 0.971959 0.967277
b4 - - - - - - 76.00
PERI (0) 116.8756 358.2855 353.12701 274.0831 61.5763 129.6111 111.8657
NODE (n) 295.6526 114.6465 170.87724 194,7292 75.9255 311.5878 58.8601
¥cL (1)} 80.777% 138.5882 164.15979 16.2827 58.95639 19.3357 162.2422

WFmex _ 2mhe? [ i ] _ 1 (A-5) fi_dih ®2)
F - G'(XmT)‘ ehka T g T 1.3586° g £ ¢2A|.

where A, is the wavelength of maximum emission in AF,, A, T = 0.3670
cm degis Wien’slaw for AF,, h = 6.6262 x 10”7 erg sec, ¢ = 2.9979 X
10%msec™!, o = 5.6696 x 10 Sergcm~2deg *sec 'and k = 1.3806 x
10~ erg deg™". Thus, the apparent infrared intensity f4(IR) of the coma
is given by

_f;(IR) = ]3586()\f;‘)mlx1 (A'G)

where (Af,)max is the observed apparent emission maximum of the infra-
red continuum.

APPENDIX B: CORRECTIONS FOR BEAM DIAMETER,
THROW, AND GEOCENTRIC DISTANCE

Comet comae are extended sources of infrared emission and are large
enough so that coma emission is present in the reference beam used for
background cancellation. The total emission into a beam of a given
angular diameter depends upon the volume of coma material intercepted
by the beam. Therefore, analysis and interpretation of the infrared pho-
tometry require correction of the data for the effects of beam diameter,
reference beam throw, and geocentric distance. The correction is
straightforward for comets that obey a steady-state model where the
coma is produced by material ablated from the nucleus at a constant rate
and flowing away from the nucleus at a constant velocity. We describe
this model quantitatively in Appendix A, concluding that it leads to a
¢*' dependence for the flux from the coma, where ¢ is the radius of the
coma, and a A~! dependence of the coma brightness on geocentric
distance. In this case, the apparent intensity f, that would be measured
in a beam of angular diameter ¢ for a throw large enough so that the
reference beam falls off the coma and the apparent intensity f; observed
in the same beam with a throw of angular diameter { such that the
reference beam falls on the coma are related by

(B-1)

Furthermore, the apparent intensities, f, and f, measured in two different
apertures with diameters ¢,; and ¢, with the comet at geocentric distances
of A, and A,, respectively, will be related by

These correction factors have been applied where appropriate in the
analysis above using a standard reference beam diameter of ¢; = 20
arcsec and a standard geocentric distance of 4; = 1 AU.

APPENDIX C: ORBITAL ELEMENTS FOR THE
COMETS OBSERVED

We present in Table C-1 the orbital elements we used for deriving the
orbital parameters of the comets for which we report infrared observa-
tions here. These have been gleaned from the Catalog of Cometary
Orbits (Marsden 1982) and The Central Bureau for Astronomical Tele-
grams (Marsden 1992). The data tabulated by row are (1) the comet
name, (2) the equinox for Q, w, and the orbital inclination (/), (3) the
osculation date in decimal days (Universal, or Ephemeris, Time), (4)
the perihelion time (Ephemeris Time), (5) the perihelion distance g in
astronomical units, (6) the orbital eccentricity, (7) the revolution period
in years (no entry signifies p > 1000 years), (8) the argument of perihelion
w indecimal degrees, (9) the longitude of the ascending node Q in decimal
degrees, and (10) the orbital inclination i in decimal degrees.
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ABSTRACT

Infrared (1-20 um) observations of comet Bradfield (1987s) from three observatories are reported. Silicate
emission is prominent in all the data, from heliocentric distance r = 0.87 to 1.45 AU. A CVF spectrum at
r = 1.45 AU shows a peak at 11.3 um identified as crystalline olivine; the spectral shape is similar to that in
Halley. Dust optical properties are similar to those of the grains in Halley’s jets. Dust production rate near
perihelion was ~10° g s™! and varied ocr™? We suggest that some differences in grain properties among
comets could result from differences in the thermal history of the nuclear surface and the relative fraction of
the dust particles originating in the subsurface icy layer versus the devolatilized mantle.

Subject headings: comets — infrared: spectra — interstellar: grains

1. INTRODUCTION

Comets almost certainly contain interstellar grains in some
form. The extent to which the grains have been altered since
their existence in the interstellar medium has to be inferred
from the properties of the comet grains. For example, the outer
few meters of comet nuclei must have been heavily processed
by cosmic rays in the Oort cloud. Two key spectral features
were discovered in comet Halley—a possible signature of pro-
cessed organic material near 3.4 um (Combes et al. 1986, 1988,
Baas, Geballe, and Walther 1986; Danks et al. 1987; Knacke,
Brooke, and Joyce 1986; Wickramasinghe and Allen 1986) and
a peak in the silicate emission feature at 11.3 um identified with
crystalline olivine (Bregman et al. 1987; Campins and Ryan
1989). Both are puzzling because they differ from the corre-
sponding spectral features arising from interstellar grains. Now
one wishes to know whether the grains in other comets are
similar to those in Halley and whether differences in grain
properties among comets can provide clues to their processing
history.

Comet Bradfield (1987s) is a long-period comet, but certain-
ly not a dynamically new comet. It was discovered at r = 1.7
AU and reached perihelion on 1987 November 7 at r = 0.87
AU. The comet exhibited a visual light curve nearly symmetric
about perihelion. With a 34° inclination and eccentricity of
0.995, the orbit is fairly stable, and the comet probably had a
similar perihelion distance last time (D. K. Yeomans, private
communication). In this paper we report our infrared observa-
tions of Bradfield from 1987 September to 1988 January,
compare the dust optical properties with the dust in Halley,
and discuss the nature of the silicate grains.

! Visiting Astronomer, Infrared Telescope Facility, operated by the Uni-
versity of Hawaii under contract from the National Aeronautics and Space
Administration.
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II. OBSERVATIONS

Infrared observations of the dust coma were obtained at
three observatories: the 3 m NASA Infrared Telescope Facility
(IRTF), Mauna Kea; the 2.34 m Wyoming Infrared Observa-
tory telescope (WIRO), and the University of Minnesota’s
O’Brien Observatory 0.76 m telescope (UM). A journal of the
observations is given in Table 1, and the observed magnitudes
are presented in Table 2. Because of the comet’s southern decli-
nation and the small angular distance from the Sun, all of the
1987 observations were done at large air mass; thus, extinction
is the main source of error.

The UM and WIRO observations used broad-band optical/
infrared photometers constructed at the University of Minne-
sota (Ney 1974; Gehrz, Hackwell, and Jones 1974; Gehrz,
Grasdalen, and Hackwell 1987). The same photometer at UM
was used for extensive observations of comet Halley (Gehrz
and Ney 1986). The UM photometer employs filters centered
at 8.5, 10.6, and 12.5 um, with 4/AZ ~ 10, while the Minnesota
photometer at WIRO contains the set of six intermediate
bandpass silicate filters from OCLI, identical to the set in use
at the IRTF (Tokunaga et al. 1986). Vega (o Lyr) was used to
calibrate the October 21 measurements at WIRO, and 8 Peg
was the calibrator for all of the other UM data. The magni-
tudes of § Peg are shown in Table 3. Beta Peg is apparently
variable at the 5%-10% level (Tokunaga et al. 1986). The
values in Table 3 are consistent with our measurement of  Peg
versus o Lyr at the IRTF on 1987 July 19. Mean extinction
coefficients were applied in reducing the data.

The WIRO measurements were obtained with a new tele-
phone observing link enabling us to control the computer-
operated WIRO telescope remotely from the University of
Minnesota (see Gehrz and Hackwell 1978). Data and control
functions are transmitted by two 2400 baud telephone lines. A
third telephone line provides voice communication with the
WIRO technical staff.
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TABLE |
CoMET BRADFIELD (1987s): JOURNAL OF OBSERVATIONS

Beam
Date " A® € @4 Diameter Throw
UT (AU) (AU) (deg) {deg) Telescope (arcsec) (arcsec) Sky Quality Observations
1987 Sep21.2 .....enen..n. 1.21 1.45 55 43 3m IRTF 6.8 20 Cirrus 8.7-12.5 ym
Oct2ll .iiineenn, 0.92 1.24 48 52 2.3 m WIRO 5 20 Clear i-18 ym
Oct220 ...ioivinrennnen. 0.92 1.23 48 53 2.3 m WIRO 3 60 Clear 8-12 ym images
Nov70 ..ooovrieeennns 0.87 1.07 50 60 08 m UM 20 30 Cirrus 8.5-12.5 um
Novd0 ...oovreennnns 0.87 1.05 50 61 08 m UM 20 30 Clear 1-18 ym
Novi30 ..ooervnnnnen. 0.88 1.01 52 63 0.8 m UM 20 30 Clear 1.6-18 ym
Nov180 ....coovrvnnnnnn 0.89 0.96 54 64 0.8 m UM 20 30 Clear 1-18 um
Novi9.0 ...coovvvrnnnnns 0.90 0.95 55 64 08 m UM 20 30 Clear 1-18 um
Decd0 .ooovvvvviernnnnnns 1.00 0.85 65 64 0.8 m UM 20 30 Poor 4.8-18 um
1988 Jan 12.15 ............. 144 1.08 88 43 3m IRTF 6.8 20 Clear/day 4.8-20 um
Jan1325 ...l 1.45 1.10 88 43 3m IRTF 7.1 20 Clear 10 um CVF
Jan 1415 ... ... 1.46 111 88 42 3m IRTF Var.* 20 Clear/day 1.2-38 um

* Heliocentric distance.

® Geocentric distance.

¢ Sun-Earth-comet angle.

¢ Sun-comet-Earth- angle.
cJ,H:776;K:774;L:6"1;,L:5"8.

Bradfield was observed at the IRTF using the facility InSb
(1-3.8 um) and bolometer (4.8-20 um) systems. On September
21 the comet was observed at air mass 2.0-2.6 shortly after
sunset, while in 1988 January it was observed before sunset
near the zenith. Extinction was determined at each wavelength
each night by following standard stars over a range in air mass.
Magnitudes of the 4.8-20 um standard stars are given in Table
3. The magnitudes of « Boo and § And at 7.8 and 12.5 um have
been measured relative to o Lyr on one or more nights; the
estimated uncertainties are 3%—5%. SJ 9503 was the standard
at 1.2-3.8 um (Elias et al. 1982). The aperture diameters listed
in Table 1 are the full width at half-maximum obtained by
scanning the telescope across a bright star. The field lens in the
InSb photometer causes the effective aperture size to decrease
with wavelength; the FWHM is 776 at J and H, 74 at K, 6”1 at
L, and 578 arcsec at L (Tokunaga et al. 1988).

There will be a small contribution from the comet’s outer
coma at the position of the reference (“ sky ") beam. For spher-
ically symmetric radial outflow of dust, the coma brightness in
the reference beam will be /4(¢/4a), where ¢ = aperture dia-
meter, a = chopping throw, and I, = true brightness centered
on the comet. The true brightness is therefore approximately
1.06 1, for the WIRO data, 1.10 I, for the IRTF data, and
1.20 1, for the UM data, and, to first order, is independent of
wavelength. The magnitudes in Table 2 are given without cor-
rection.

Comet observations through the broad, L, I, M, N, and Q
filters require a temperature-dependent correction to account
for the difference in spectral shape between the radiation from
the warm comet dust and the hot standard stars. Corrections
of —0.05 and —0.04 mag have been applied to the N and Q
magnitudes, respectively (Hanner et al. 1984). The corrections
for the L and M bandpasses are negligible compared to the
observational uncertainties. Because the L bandpass contains
both scattered and thermal radiation, the correction is model-
dependent. No correction has been applied to our L magni-
tudes in Table 2. A more detailed discussion of photometric
systems is given by Hanner and Tokunaga (1589).

The infrared fluxes are plotted in Figures 1 and 2. The solid
curves are dust models discussed in § TV. Excess emission
attributed to small silicate grains is present near 10 and 18 ym

in all of the data sets. The color temperature of the underlying
continuum between 8 and 12.5 um is about 15% higher than
that of a blackbody in equilibrium with the incident solar flux,
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Fic. 1.—Observed spectral energy distribution of comet Bradfield (1987s)
in 1987. Data sels are offset by a factor of 10. Solid curves are the predicted
continuum emission from dust model I (§ IV), normalized to the 12.5 um flux.
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TABLE 3
STANDARD STAR MAGNITUDES
Spectral M N Q
Star Type 4.8 um 7.8 8.7 9.8 10.1 10.3 11.6 125 18.1 20.0 System
5340aBoo ............... K211 —~2.92* —-308® —-317° -3.17 =317 -317 =326 —326° —3.13 -3.13¢ IRTF
3378And ........eeeeees MO III -1.76* —-195° 197 -2.03 —2.04° —-204 210 -—210° 209 —209¢ IRTF
6406 aHer ............... M5 T ~364> 383 -397 —3.94¢ —-4.02 —4.13 —4.20° WIRO
B7758Peg .oovvnennn M21 —2.30° —2.464 —2.519 —-259¢ —261° UM

* Sinton and Tittemore 1984,
® Uncertainty 2> +0.03 mag.
© Tokunaga 1984.

4 Gehrz et al. 1987.

implying that the emission arises mainly from small absorbing
grains,

On January 13, a 2% circular variable filter was used with
the IRTF Si:As photoconductor to obtain a 16 point spectrum
of Bradfield between 7.8 and 12.8 um. Spectra of the comet
were alternated with spectra of 8 And at air mass 1.0~1.8, and
o Tau and « CMa were observed after the comet set. Extinction
was determined separately for each of the 16 wavelengths from
the three § And spectra. Each individual measurement was
reduced to unit air mass before conversion to absolute flux. A
high-resolution spectrum of the telluric ozone band at 9.58 ym
was used for wavelength calibration. '

Bradfield was imaged in the 7-14 um spectral region on 1987
October 22 UT using a prism array spectrometer with a 370
beam and a 60" reference throw. The spectrometer, described
by Gehrz, Hackwell, and Smith (1976), was mounted at the
Cassegrain focus of the Wyoming infrared telescope. The flux
is simultaneously recorded in six channels, centered at 7.92,
8.45, 9.45, 10.69, 11.54, and 12.70 ym. The image was con-
structed by scanning the chopping secondary in declination at
a rate of 7 arcsec s~ !, sampling at 1” (chopping frequency is 7
Hz), then stepping the telescope 1" in R.A. and repeating. Four
successive images were obtained; the mean air mass was 1.67.
Calibration star was o Her, located just 20° from the comet.
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FiG. 2—Spectral energy distribution of comet Bradfield on Jan 12 (@) and
Jan 14 (Q) 1988. The InSb data ((O) have been scaled to the 6.8 arcsec
bolometer beam size assuming flux o« ¢. The triangles are the thermal emission
component obtained by subtracting scattered light flux assuming solar spec-
trum from 2.2 to 3.8 um.

. THE SILICATE FEATURE

The CVF spectrum obtained on January 13 is shown in
Figure 3. The uncertainty in the absolute flux level is ~10%.
The filter photometry from the previous night is also plotted in
the figure, at the effective wavelengths determined by convolv-
ing each filter function with the spectral shape from the CVF
spectrum and the sky. The agreement between the filter photo-
metry and the spectrum demonstrates that careful filter photo-
metry can accurately measure the strength of the silicate
feature, although of course not its detailed shape. The agree-
ment in the absolute flux levels indicates that the comet did not
change its dust output from January 12 to 13.

To compare the shape of the emission feature with other
sources, the CVF spectrum was divided by the continuum
defined by the dust models in Figure 5. This procedure is
physically correct if the silicate grains are at the temperature
implied by the continuum. Since the Planck function from 8 to
13 pm is fairly flat in the relevant temperature range, this nor-
malization is unlikely to distort the shape of the silicate feature.
Our three Bradfield spectra were individually divided by the
continuum normalized to 12.81 yum.

The average of the three normalized spectra and the stan-
dard deviations are presented in Figure 4a. Two peaks are
apparent, one at 9.7-10.0 um, similar to the interstellar feature,
and one near 11.24 ym. This spectrum is remarkably similar to
that of comet Halley at smaller r (Bregman et al. 1987;
Campins and Ryan 1989), as illustrated in Figure 4b. Bregman
et al. and Campins and Ryan identify the peak at 11.3 um with
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Fi1G. 3.—CVF spectrum of the dust coma on 1988 Jan 13, (@) compared
with filter photometry on January 12 (A). Horizontal bars are the filter band-
passes convolved with comet spectrum (FWHM).
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crystalline olivine. Our spectrum, although the spectral
resolution is poorer, indicates the presence of crystalline
olivine in Bradfield at 1.45 AU. A higher resolution spectrum
of Bradfield at r = 1.0 AU, recorded by Russell, Lynch, and
Chatelain (1988) clearly shows this peak as well.

Other possible explanations for the peak at 11.3 um, such as
SiC or PAHs, can be ruled out from the width of the peak, on
abundance arguments, or for lack of corresponding features,
such as the 8.6 um feature present when an 11.3 ym peak is
associated with the set of unidentified interstellar infrared
bands (Campins and Ryan 1989).

While emission by small crystalline olivine particles matches
the 10.5-12.5 um portion of the spectrum well (see discussion
in Campins and Ryan), other silicates are required to account
for the peak near 10 um and the steep rise from 8 to 9 um.
There are three main possibilities.

1. Mix of crystalline silicate minerals—Chondritic inter-
planetary dust particles (IDPs) examined by Sandford and
Walker (1985) fall into three distinct classes based on their 10
um transmission spectra, corresponding to olivines, pyroxenes,

FLUX RATIO
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and hydrated silicates. Bregman et al. fitted their Halley spec-
trum with a mixture of these three IDP spectral types-—
primarily olivine for the 11.3 um peak and pyroxenes to fit the
9-10 um peak. This approach has the advantage of relating the
comet dust directly to the IDPs thought to originate in comets.
The disadvantage is that we do not know the history of the
IDPs—whether all chondritic IDPs are cometary and whether
they could have annealed during their years in the inner solar
system or during atmospheric entry.

2. Partially annealed grains.—Interstellar silicate grains are
thought to be amorphous, because no structure is apparent in
the silicate feature. From the laboratory emission spectra
recorded by Stephens and Russell (1979), amorphous olivine
can explain the broad peak near 10 ym in both the cometary
and interstellar spectra while amorphous enstatite particles
can account for the steep rise from 8 to 9 um. The comet grains
could have a wide range in their degree of structural order, as a
result of partial annealing via heating in the solar nebula. Day
(1974) showed that the 11.3 um peak first appeared in the
spectrum of an amorphous olivine sample when heated to
~ 800 K, although long-range structural order did not develop
until the grains were heated to ~1000 K. Small crystalline
silicate grains have a higher mass absorption coefficient than
amorphous grains, by a factor of 3 to 10(Day 1981). Thus, only
a small fraction by mass of crystalline olivine grains could give
rise to the observed 11.3 um peak. Moreover, Aitken et al.
(1988) have now found evidence for annealed olivine grains in
at least one interstellar source.

Partial crystallinity could also explain why no distinct peaks
are seen shortward of 22 um in the 16-30 um spectrum of
Halley published by Herter, Campins, and Gull (1987), for
narrow peaks will show up in the 10 um stretching mode vibra-
tions for a lesser degree of structural order than required to
produce peaks in the 20 pm bending model vibration (cf.
Hanner 1987).

3. Hydrated silicates—Hydrated silicates dominate the
composition of type I carbonaceous chondrites; they are the
result of low-temperature aqueous alteration. Type II carbon-
aceous chondrites have about equal proportions of hydrated
silicates and olivine; in fact, their spectra look quite similar to
the comet Halley and Bradfield spectra, with a small 11.3 um
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FiG. 4—{a) Spectrum of Bradfield (1987s) divided by the continuum and normalized at 12.81 um. Error bars are the standard deviations from the mean of the
three spectra. (b) 8-13 um spectra of comet Halley: observed flux divided by continuum. i Bregman et al. (1987)r = L.25AU; O Campins and Ryan (1989)r = 0.79

AU. Figure courtesy of H. Campins.
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peak (Zaikowski, Knacke, and Porco 1975). Based on their
experiments on the formation of hydrated silicates, Nelson,
Nuth, and Donn (1987) suggest that amorphous silicate grains
residing on the surface of a comet nucleus could absorb one or
more monolayers of water molecules from the outflowing gas
and could be converted to hydrated silicates if exposed to tem-
peratures of 300 K or above for a few weeks.

Lawler er al. (1988) compared the heterogeneity in the Mg/
Fe/Si abundances in the dust grains sampled by the PIA and
PUMA experiments on the Halley probes with various classes
of meteorites and IDPs. They concluded that only the anhy-
drous chondritic aggregate IDPs match the Mg-rich silicates
and the very wide range in Fe/Si seen in Halley samples; ie.,
that there is no positive evidence for the mineralogy of
hydrated silicates in the Halley particles. However, PIA and
PUMA sampled only the smallest (most numerous) grains with
masses ~10716-10712 g Whether these grains are representa-
tive of the larger grains, which contain most of the mass, is
unknown.

Based on present data, then, there is not a unique interpreta-
tion of the state of cometary silicates. The three possibilities
listed here have, of course, different implications for the evolu-
tionary history of silicate grains since their existence in the
interstellar medium. The possibility that the grains are only
partially annealed requires the least departure from the inter-
stellar grains. Indeed, with the discovery of annealed grains in
astronomical sources, further processing of interstellar silicates
may not be required at all. However, annealing of grains after
leaving the comet is then required to explain the state of the
IDPs.

It would be very helpful to have high-resolution spectra of
the silicate feature in comets at r ~ 0.3 AU, where the tem-
perature of small grains will be greater than 500 K and one
might expect to see further evidence of annealing. It is ironic
that the sole spectrum of Kohoutek at r = 0.31 AU suffered a
data outage from 10.3 to 11 um (Merrill 1974). However, the
smooth slope in the data from 11.1 to 12 ym indicates that an
olivine peak was not present. Campins and Ryan showed that
their Halley spectrum was very similar in shape to the Kohou-
tek spectrum except for the 11.3 um peak. They concluded that
thermal processing alone cannot account for the difference
between comets; rather, some diversity in the initial cometary
material is likely.

IV. DUST PRODUCTION RATE

The rate of dust-mass loss from the nucleus can be estimated
from the thermal emission, within the uncertainties discussed
below. We have modeled the continuum emission, based on
the temperatures for small absorbing grains from Hanner
(1983). The temperature is a strong function of size for absorb-
ing grains <2 pm in radius; larger grains have a temperature
close to that appropriate for a blackbody in equilibrium with
the solar radiation. Two slightly different size distribution
functions were applied. The first one, described by Hanner
(1984) and Hanner et al. (1985) has been used to compute dust
production rates in several short-period comets. The second
model adopts the analytical form proposed by Divine and
Newburn (1987) to fit the dust impact data from the Giotto
Halley probe (McDonnell et al. 1987). Both functions have
n(a) oc a~ ¥ at large a, with N = 3.7 and 3.8, respectively, and
both have a free parameter to adjust the peak in the size dis-
tribution, in order to match the observed spectral energy dis-
tribution. Model 2 has more (hot) submicron grains. The
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parameter values giving the best fit to Bradfield at 1.44 AU
also gave the best match to Halley at 0.9 AU (Hanner et al.
1987).

Figure 5 shows the predicted thermal emission fit to the
January 12 data. At 10 um, approximately 75% of the flux is
produced by grains with a > I um, while at 4.8 um, the grains
with a < 1 um contribute 75% of the flux. The corresponding
size distributions in the coma are shown in Figure 6, plotted as
cumulative number versus particle mass. For m > 1071° g
N(m) oc m™*, where & = (N — 1)/3. For our models, « < 1, and
the mass is concentrated toward the large particles. Thus, the
total mass in the field of view depends upon the unknown
abundance of large particles, which contribute only a small
fraction of the 3-20 um thermal emission. The dust impact
detector on Giotto measured a high concentration of large par-
ticles (m > 10~ ¢ g), above the extrapolated slope in Figure 6
(McDonnell et al. 1987, 1989). The radar echo from Halley also
implied the presence of centimeter-size or larger debris
(Campbell, Harmon, and Shapiro 1989). Because of their low
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Fi1G. 6 —Cumulative mass distribution unctions fitting the thermal emis-
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velocity, however, a high concentration of large dust grains in
the coma does not necessarily imply that they dominate the
mass flux from the nucleus. One interpretation of the Giotto
data is that the larger grains were the remnant of an earlier
outburst. The predited continuum based on these dust models,
normalized to the 12.5 um flux, is shown for the other data sets
in Figure 1.

To obtain the mass-loss rate, we compute the weighted mean

velocity,
[ a’n(a)v(a)da
= 3 1
{a*n(a)da

following Hanner (1984). For Bradfield at r = 1.44 AU, we
used the dust velocities, »(a), from Gombosi (1987). These were
computed for Tempel 2 at r = 1.48 AU from a time-dependent
dusty gas dynamical model (Gombosi, Cravens, and Nagy
1985). For other dates, the gas flux per unit surface area was
assumed to vary in direct proportion to the total dust pro-
duction rate, and the velocities were scaled via the relationship
shown in Hanner (1984), Figure 4, resulting in a distance
dependence, 7 oc r~*. At large particle sizes, v(a) oc a=%%; thus
« ~ 1.1 for the mass distribution leaving the nucleus, and the
mass is concentrated toward small grains, near the “knee” in
the cumulative mass distribution.

Table 4 presents the computed dust production rates, inte-
grated up to a maximum grain radius of 1 cm. The uncertainty
in these numbers is at least a factor of 2, due to the uncer-
tainties in velocities, mean grain density (we assumed p=1g
cm~3), observed flux, and the abundance of large grains.
Models 1 and 2 differed by ~20%. If Bradfield has an excess of
large particles compared to our assumed n(a), the Q, computed
here could be a lower limit. The method of scaling the velo-
cities accentuates the fluctuations in Q,. If we had assumed a
constant mean velocity for October 21-November 19
(r = 0.87-0.93 AU); ie, if higher Q, implied a larger active
surface area, rather than a higher gas and dust flux per unit
area, then Q, on October 21 and November 9 would be
~1.5 x 105 g s~ *. A production rate of ~10° g s~ ' implies an
active area of ~ 10 km?, assuming a dust/gas mass ratio of 0.5
and a gas flux of 2 x 1073 gem~#s ™', This gives a lower limit
of 1.3 km radius for a spherical nucleus if the entire sunward
hemisphere were active.

D. G. Schleicher and R. L. Millis (private communication)
derived an OH production rate of ~2.5 x 10?® s™! on 1988
January 14 and 15. Our dust production rate on January 12-13
was 4 x 10° g s~ 1. Thus, the dust/water mass ratio was ~0.5

<t

TABLE 4
DusT PRODUCTION RATES

Date 0.&s™h

SEP21.2 ciiviiiiini e e 5 x 10}
2 x 10%*
1 x 108
2 x 10%*
I x 108
1 x 10%
1 x 108
1 x10°
4 x 10°
4 x 10°

Jan 132 ciiiiiiieii e

* 1.5 x 10%gs™ ! if b remains constant.
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Fig. 7—Dust production rate, Q,, (@) and (AF}),,,(&) vs. heliocentric dis-
tance. The (AF )., have been normalized to 1 AU and to 20" beam, assuming
isotropic radial outflow. The bar from 1.5 to 2 x 10% g s~ refers to @, on Oct.
21 and Nov 9, while the bar on the point at 10° g s™' displays the range in
computed values from Nov 7 to Dec 4.

and the total rate of mass loss for comet Bradfield at r = 1.45
AUwas 210%gs™ L.

In contrast, comet Halley was losing ~2 x 108 g s7! of
small dust grains at 1.5-1.3 AU preperihelion and ~ 107 gs™!
at 0.9 AU pre- and post-perihelion, based on similar dust
models (Tokunaga et al. 1986; Hanner et al. 1987). The fluctua-
tions of a factor 1.5-2 in comet Bradfield’s dust production
near perihelion indicate nonuniform activity across the nuclear
surface, either due to outbursts from pockets of more volatile
material or to different active areas rotating into sunlight.

The dust production rates and the quantity A(AF )., which
is proportional to the total infrared luminosity (Ney 1982), are
plotted versus r in Figure 7. Excluding the two outbursts, Q4
varied approximately as r~?, similar to the new comets
Kohoutek (1973 XII) and West (1976 VI) (Ney 1982), but much
less steeply than in the case of some short-period comets, such
as P/Churyumov-Gerasimenko (Hanner et al. 1985). This sug-
gests that the sublimating ice layer is closer to the surface in the
new comets and Bradfield and is responding more directly to
the incident solar energy than is the case for the more evolved
short-period comets.

The infrared luminosity is related to the temperature of the
radiating grains and the total number of grains within the field
of view by the following equation:

L=4n J‘azn(a)Q,.,,aT‘(a, rda , (¥)]
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F1G. 8.—Image of the inner dust coma on 1987 October 22. This composite
8.5-11.5 um image was created by co-adding the fluxes from four spectral
channels and four successive images. Beam diameter is 370 and reference throw
is 60". The sunward direction is indicated. The contour levels are at 0.2, 0.4,
and 0.8 and 1.6 Jy per square arcsec.

where Q,y, is the appropriate wavelength-averaged absorption
efficiency for a grain of radius a. Since the grain temperature
T(a, r) oc r~'/2 (if the grains are not too small), then, T* oc r~2
and, for constant outflow velocity, Q,ocr™? would give
(AF Dmax ¢ L oc r~*. However, in our case, if 5 oc r~ %, then the
number of grains in the field of view varies as Q,/5 oc #~ !, and
(AF )max < ¥~ 3, close to the r~ %16 slope shown in Figure 7.
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F16. 9.—Radial brightness gradients as measured from the co-added map.
The four curves are at position angles (degrees east of north): (@) 260°, the
direction to the Sun; (b) 80° (anti-sunward); () 350°; (d) 170°. The first point of
each curve is the mean surface brightness within the 3 x 3 pixel centered on
the nucleus. The remaining points are the mean surface brightnesses within
arcs 60° wide, with the outward radii of successive arcs at 5", 8", 12", 17°, and
21" from the nucleus. Dashed line is {/d dependence.
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V. 10 MICRON IMAGE

Figure 8 displays a composite image of the inner coma on
October 22.0, created by summing channels 2-5 (8.45-11.54
um), then summing the four images obtained. The beam-
switching technique described in Grasdalen et al. (1984) was
used to subtract the background. There is evidence for a fan-
shaped coma in the sunward hemisphere, consistent with the
main dust emission occurring from the illuminated side of the
nucleus. Dust emission may also be occurring toward the
south. The radial gradients in the sunward, anti-sunward, and
perpendicular directions are compared in Figure 9. Within the
uncertainties the brightness gradient approximates the 1/d
decrease expected for uniform radial outflow.

A silicate feature was present at all positions within ~ 12” of
the center; the signal/noise ratio is not sufficient to detect dif-
ferences in the shape of the feature. Figure 10 presents the
spectrum centered on the brightness peak, at 13” south, and
integrated over the inner 19 square arcsec.

Vi. DUST ALBEDO

Since the total cross section of the dust in the field of view
can be derived from the dust model fitting the thermal emis-
sion, the average near-infrared albedo of the grains can be
computed. We define A () as the ratio of the scattered flux at
phase angle 8 to that scattered by a white Lambert disk with
the same geometric cross section; i.e., 4,(6) is the geometric
albedo times the normalized phase function (Hanner et al.
1981). Assuming that the amount of dust in the field of view did
not change from the previous two nights, we find 4,(6) = 0.043
at J and 0.057 at K on January 14, at phase angle 42°. The
albedos at K computed for the other data sets are similar
within the 4-20% observational uncertainties. The albedos at J

Comet Bradfield 22.0 October 1987
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F1G. 10—Spectra taken with the six-channel spectrometer. The top spec-
trum (a) was measured from the six images with a 19” square centered on the
nucleus. Spectra (b) and (c) were measured using standard beam-switched
photometry just prior to taking the images. Spectrum (b) was taken with the 3"
beam centered on the nucleus and (c) was taken 13” south of the nucleus.



320 HANNER ET AL.

are considerably higher for the other data sets and, particularly
on October 21 and November 9, are beyond what can reason-
ably be ascribed to measurement or extinction uncertainty.

The albedos at J and K are higher than the albedos derived
for other periodic comets via similar dust models, including
Halley preperihelion (Tokunaga et al. 1986) and P/
Churyumov-Gerasimenko (Hanner et al. 1985) or even new
comet Wilson (19861) at r = 1.35 AU (Hanner and Newburn
1989).

Bradfield’s colors of J—H =045 and H—K =0.10 on
January 14 are toward the neutral (less red) end of the range we
have measured at the IRTF for comets at r < 2.8 AU (Hanner
and Newburn 1989).

The quantity y, defined by

(}'Fl)mgx‘”s _ 7
GF Jou® 17 3

is also a useful measure of the average albedo of the grains,
since (AF)).., is proportional to the total energy under the
Planck curve. We find y = 0.20-0.25 for comet Bradfield, com-
pared with 0.14-0.20 for comet Kohoutek at similar phase
angles (Ney 1982). If the scattered radiation were isotropic, y
would be a measure of the single scattering albedo. Because the
scattering function is strongly peaked in the forward direction,
y represents a lower limit to the single scattering albedo (Ney
and Merrill 1976).

VII. DISCUSSION

Do the grains in comet Bradfield differ from those in comet
Halley? We have seen that the shape of the silicate feature was
similar in the two comets. A similar emission feature at 3.36
um, thought to be a signature of organic material, was detected
in Bradfield at r = 0.9 AU by Brooke et al. (1988). Bradfield
was unusual in displaying a strong silicate feature at r = 1.45
AU, a distance where Halley and other comets have, at most, a
broader, weaker feature. -

The picture in Halley was complicated by its extreme varia-
bility. The strength of the silicate feature varied from day to
day (Gehrz and Ney 1986) and with position in the coma
(Campins et al. 1987; Hanner et al. 1987). A higher albedo, and
perhaps bluer color as well, were associated with brightness
increases (Tokunaga et al. 1986; Campins and Tokunaga
1987). The mean A ,(f) we derive for Bradfield on January 14 is
slightly larger than the maximum Halley values.

Kikuchi er al. (1988) measured higher polarization of the
scattered light in comet Bradfield than in the quiescent coma of
Halley at phase angles 38° < 6 < 65°. In Halley, higher polar-
ization was observed in the inner coma (“fresh dust”) than in
the outer coma (Dollfus et al. 1988) and increased polarization
was associated with outbursts (Kikuchi ez al. 1987).

In general, then, the optical properties of the dust in Brad-
field are similar to the active jets in Halley.

Higher polarization, less red color, higher albedo, and
stronger silicate feature could be caused by (1) a higher propor-
tion of small grains, a < 4; (2) a larger relative abundance of
silicates; or (3) a difference in the way that the silicate and
absorbing material are mixed. For example, it takes only a
small fraction of absorbing material by mass to alter the color
and albedo of a dielectric such as silicate, if the dark material is
physically mixed with the silicate on a fine scale.

The dust detectors on the Halley space probes measured
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changes in the size distribution along the probe trajectories,
with steeper slope (more small grains) within dust jets
(McDonnell et al. 1987). The dust composition experiment
(PTIA, PUMA) recorded differences in the mix of particle com-
positions along the trajectory, although this instrument
sampled only the smallest dust particles (Clark, Mason, and
Kissel 1987).

Halley and several low-activity comets detected in the infra-
red have hot, dark nuclear surfaces, too hot to be compatible
with ice sublimation directly from the surface (see review by
A’Hearn 1988). The ices sublimate below this mantle and the
gas escapes either through cracks and local “bare” areas or
directly through the porous mantle. From the Giotto images of
Halley and the ratio of total gas production to surface area in
the comets with known nuclear radii, it appears that most of
the gas and dust is emitted from limited active areas.

Where, then, does the dust originate? Are the dust particles
from the icy layer below the mantle, entrained by the sublimed
gas, or are they dislodged from the surface by the outflowing
gas? Surely, the size distribution will differ for these two
cases and perhaps the composition as well, particularly if the
surface has been altered by cosmic-ray bombardment or solar
heating. Silicate grains in such a processed mantle are likely to
be physically clumped into larger particles and coated with
dark carbonaceous residue of processed organic material. The
size distribution of the particles dislodged from the mantle will
depend on the friablity of the material (see, ¢.g., Gombosi et al.
1985) and may differ for different components.

Therefore, observed differences in dust properties among
comets could reflect differences in the properties of the mantle
(whether the mantle is primordial, recent thermal history,
porosity, friability) and in the relative fraction of the grains
coming from the mantle versus the “pristine” interior. One
would expect the particles originating in the icy interior to be
related more closely to interstellar grains than the dust from
the mantle.

Possible interpretations of the similarities and differences
between Halley and Bradfield are:

1. The jets in comet Halley and the dust in comet Bradfield
contained a higher proportion of particles originating in the
subsurface icy layer, including a population of small silicate
grains with less carbonaceous material adhering to them than
the grains in the mantle. The crystalline olivine grains were
present initially in the comet nucleus; the perihelion tem-
perature of Bradfield and Halley is not sufficient to anneal
grains exposed on the nucleus surface. In Halley’s quiescent
periods, or when the jet activity subsided at larger r, grains
from the mantle dominated the optical properties.

The more evolved short-period comets which lack a distinct
silicate feature may shed their dust mainly from the mantle.

2. The volatility of the organic component in the grains may
also have differed. The organic material “ gluing” the dust in
Bradfield and in the Halley jets may have volatilized readily
when exposed to solar heating, causing the grains to fragment,
whereas the grains on Halley's nuclear surface contained a
more stable, carbonaceous residue, similar to that seen in inter-
planetary dust particles. -

Loss of organic coatings on silicate grains due to heating at
smaller r can explain why the silicate feature appears to be
stronger in most comets at r < { AU, but cannot alone explain
differences between comets at the same r, without prior
thermal processing which makes the mantle material less vola-
tile.
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3. There were initial differences in the composition and/or
clumping of the grains in the nucleus, perhaps due to forma-
tion at different heliocentric distances in the solar nebula,

VII. SUMMARY

In summary, Bradfield was unusual in displaying a promi-
nent silicate feature in our CVF spectrum at 1.45 AU post-
perihelion. The shape of the feature was very similar to that
observed in Halley at smaller », with a peak at 11.3 ym identi-
fied as crystalline olivine. The silicate feature was strong in all
of our data sets near perihelion. The optical properties of the
grains were similar to those in comet Halley’s dust jets. The
peak grain size derived by fitting the infrared spectral energy
distribution at r = 1.44 AU is the same as that derived for
Halley at 0.9 AU. The observed quantity (AF)),,,,, which mea-
sures the total infrared radiation from the dust coma, varied
approximately as r~3 rather than r~4 On the plausible
assumption that the weighted mean dust grain velocity is pro-
portional to the gas flux, 5 oc r ! and @, oc r 2
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We suggest that the differences in grain properties between
comets could result from differences in the thermal history of
the nuclear surface and in the relative fraction of the dust
particles originating in the subsurface icy layer versus the
devolatilized surface.
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